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Regulation of Sterol Regulatory Element Binding Protein-1 in Bovine 

Mammary Epithelial Cells 

Liang Chen 

ABSTRACT 

 

        The key transcription factor sterol regulatory element binding protein-1 (SREBP1) 

plays a central role in milk fat synthesis. SREBP1 stimulates the transcription of genes 

encoding lipogenic enzymes. The overall objective of these studies was to investigate the 

mechanisms of SREBP1 regulation by nutrients. In the first study, chromatin 

immunoprecipitation (ChIP) accompanied with deep-sequencing was employed to 

investigate the potential sterol regulatory elements (SRE) in the promoter of SREBP1-

target genes. The SRE in three known SREBP1-target genes SREBP1, fatty acid synthase 

(FASN) and stearoyl-CoA desaturase (SCD) were first validated in a bovine mammary 

epithelial cell line (MacT) and in bovine mammary tissues. At least one or two SRE 

binding sites in 24 selected lipogenic genes were identified within 50,000 base pair to the 

5’-transcription start site through ChIP-seq. The genes closest to the highest enriched 

peaks were involved in cell integrity, defense or signal transduction whereas lipogenic 

genes were not among the top enrichment leading to the questions about the success of 

the ChIP. The second study was conducted to determine the effect of t10, c12-conjugated 

linoleic acid (CLA) on insulin induced gene-1 (Insig1), an endoplasmic reticulum (ER) 

protein that anchors SREBP1 and prevents proteolytic activation of SREBP1. MacT cells 

were treated with increasing levels of t10, c12-CLA. High concentration of t10, c12-CLA 

inhibited Insig1 degradation therefore decreased SREBP1 maturation. Furthermore, 

immunoprecipitation (IP) confirmed that t10, c12-CLA reduced Insig1 proteasomal 
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degradation by disrupting the interaction between Insig1 and UBX domain-containing 

protein 8 (Ubxd8), which is part of a degradation complex that removes Insig1 from the 

ER. In the third study, three potential regulators of SREBP1 activation and their 

pathways were investigated in insulin, t10, c12-CLA or glucose treated MacT cells. 

Insulin-induced mammalian target of rapamycin (mTOR) signaling stimulated 

lipogenesis via activation of SREBP1 and the stimulatory effect was based on the 

regulation on cAMP response element binding protein coactivator 2 (CRTC2) 

phosphorylation, Lipin1 translocation and glycogen synthase kinase-3 (GSK3)-dependent 

proteasomal degradation. t10, c12-CLA inhibited SREBP1 through AMP-activated 

protein kinase (AMPK) phosphorylation, a key protein kinase in energy homeostasis. 

Glucose stabilized the SREBP1 chaperone protein SCAP and facilitated SREBP1 

activation.  Overall, SREBP1 activation is under specific regulation of t10, c12-CLA and 

interacts with multiple major cellular signaling pathways in response to hormonal 

stimulation and nutrient availability.  
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Chapter 1  

General introduction 

Milk fat is the most variable component in milk, both in concentration and 

composition. Milk fat ranges from 1.77 to 5.98% with an average of 3.76% in 

measurements from cows (Mansson, 2008). In dairy cows, the concentration of milk fat is 

greatly influenced by the diet. When large proportions of readily-fermentable 

carbohydrates (starch) and unsaturated fat are incorporated into the diet, milk fat 

percentage can decrease up to 50% (Palmquist, 2006a). This situation is commonly 

referred to as milk fat depression (MFD). The basis of diet-induced MFD is the inhibition 

of FA synthesis in the mammary gland by specific biohydrogenation (BH) intermediates 

arising from rumen BH of polyunsaturated FAs (PUFA) (Bauman and Griinari, 2000). 

The first of these bioactive FAs identified was trans10, cis12-conjugated linoleic acid 

(t10, c12-CLA) through abomasal infusion of t10, c12-CLA (Baumgard et al., 2000). 

Diet-induced MFD (25:75% forage/concentrate, supplemented with 5% soybean oils) 

decreased milk fat by 43% and increased t10, c12-CLA concentration in milk fat 

(Piperova et al., 2000). To be noted, the effect is most pronounced on those FAs 

synthesized de novo (Chouinard et al., 1999). 

Milk fat is derived equally from two origins: de novo fatty acid synthesis (DNS) 

in mammary epithelial cells, and preformed FA uptake from circulation. Multiple 

lipogenic enzymes are involved in the pathways for FA uptake, DNS, FA activation, 

transport and desaturation, triaglycerol (TAG) synthesis, milk fat globule formation and 

secretion (Chilliard et al., 2000). The reduction in milk fat corresponds to the reduction of 

the mRNA expression and activity of the key enzymes, such as acetyl-CoA carboxylase 
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(ACC), fatty acid synthase (FASN), lipoprotein lipase (LPL) and glycerol-3-phosphate 

acyltransferase (GPAT) (Baumgard et al., 2002b, Peterson et al., 2003). Sterol regulatory 

element binding protein 1 (SREBP1) has been implicated as the key transcription factor 

exerting coordinate control over transcription of the lipogenic genes in the bovine 

mammary gland (Harvatine et al., 2009). The specific regions in the promoter of these 

lipogenic genes can be recognized by SREBP1 is called sterol regulatory elements (SRE) 

(Shimano, 2001). However, the potential SRE binding sites of SREBP1-target genes, 

especially lipogenic genes, have not been investigated in bovine mammary gland. 

The precursor of SREBP1 is synthesized in the endoplasmic reticulum (ER) in a 

complex with SREBP cleavage activating protein (SCAP). Activation of SREBP1 

requires SCAP-mediated transport to the Golgi apparatus and cleavage to the mature 

form. The mature SREBP1 (mSREBP1) migrates to the nucleus and promotes 

transcription of target genes (Eberle et al., 2004). When sufficient sterols are present in 

the cell, SCAP-SREBP1 complex is retained in the ER by a third protein called insulin-

induced gene 1 (Insig1) (Yang et al., 2002). When sterol concentrations fall, Insig1 is 

degraded through a two-step process. First, Insig1 is ubiquitinated by ubiquitin ligase 

gp78. Then UBX domain-containing protein 8 (Ubxd8) binds to the ubiquitinated Insig1 

protein and valosin-containing protein (VCP) mediates the removal of Insig1 from ER 

membrane for proteasomal degradation (Lee et al., 2008). Unsaturated FAs (UFAs) block 

the maturation of SREBP1 (Hannah et al., 2001). This is analogous to the inhibition of 

SREBP1 observed with MFD.  

SREBP1 activation is also regulated by the mammalian target of rapamycin 

kinase (mTOR), which participates in two different complexes by interacting with two 
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mTOR subunits raptor (mTORC1) and rictor (mTORC2), at multiple levels (Bakan and 

Laplante, 2012). Loss of tuberous sclerosis complex (TSC)1/2, a mTORC1 suppressor, 

promotes SREBP1 processing in mouse embryonic fibroblasts (MEFs) and this effect is 

blocked by rapamycin, a mTORC1 inhibitor (Duvel et al., 2010). AMP-activated protein 

kinase (AMPK), the upstream regulator of mTOR, is involved in the t10, c12-CLA-

mediated lowering of TAG content in adipocytes (Jiang et al., 2012). Cheng et al. (Cheng 

et al., 2015) reported that minimal glucose concentration was sufficient to stabilize SCAP 

through N-glycosylation and facilitate the SCAP-SREBP1 complex trafficking to the 

Golgi. However, the specific roles of those regulators on SREBP1 activation and the 

potential regulatory pathways have not yet been determined in milk fat synthesis.  

Therefore, I hypothesized that 1) SRE binding sites in SREBP1-target genes can 

be identified in bovine mammary tissue and characterized through chromatin 

immunoprecipitation (ChIP) coupled with deep sequencing. 2) t10, c12-CLA inhibits 

SREBP1 activation by blocking the removal of Insig1 from the ER membrane. 3) Three 

potential regulators mTOR signaling, AMPK as well as the glucose availability regulate 

SREBP1 activation in bovine mammary epithelial cells.The overall objectives of this 

study was to better understand the molecular mechanism of milk fat synthesis through 

SREBP1 activation. 
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Chapter 2  

Literature review 

Milk fat synthesis 

Milk fat is an important component in dairy product consumption. Up to 75% of 

total fat consumption from ruminal animal source is milk fat. 15 - 25% of the total fat in 

the human diet is dairy origin (Chilliard et al., 2000). Fat is not only attributed to the 

energy density in whole milk, different fatty acids (FA) play positive roles in human 

health. For example, n-3 polyunsaturated FAs (PUFA) and conjugated linoleic acids 

(CLA) could lower the risk of cardiovascular diseases (Lopez-Huertas, 2010). In dairy 

cows, the mammary gland has evolved to produce exceptionally large quantity of milk 

through years of genetic selection and improved nutrition and management. However, fat 

is the most variable component of milk with the amount and composition affected by 

nutritional, environmental and genetic factors (Bauman et al., 2011). A better 

understanding of milk fat regulation is crucial to sustain milk fat production thus secure 

the benefits for producers, processors and consumers. 

Milk fat is comprised of preformed FAs uptake from circulation and de novo 

synthesis (DNS) in the mammary gland. Short chain FAs (4 to 8 carbons) and medium 

chain FAs (10 to 14 carbons) almost exclusively arise from DNS. Long chain FAs (> 16 

carbons) are derived from blood lipids. The 16-carbon FA (palmitate) originates from 

both (Palmquist, 2006b). In ruminants, DNS fatty acids make up one-half of milk fat 

synthesis. Acetate and 3-β-hydroxylbutyrate (3-HB) are the primary carbon source for 

DNS. Glucose and acetate are also the primary source of reducing equivalents in the form 

of nicotinamide adenine dinucleotide phosphate (NADPH) (Chaiyabutr et al., 1980). The 
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proportion of palmitate from DNS decreases as dietary fat intake increases (Bauman and 

Griinari, 2003). Another half of FAs comes from triglyceride (TAG)-rich lipoproteins 

(very low density lipoproteins (VLDL) and chylomicrons) and albumin-bound non-

esterified fatty acids (NEFA) that are absorbed from the small intestine or mobilized 

from body fat reserves, respectively (Neville and Picciano, 1997). NEFA increase in 

proportion to fat mobilization from adipose tissues when cows are in negative energy 

balance (Adewuyi et al., 2005). Contrary to other tissues, little elongation of C16:0 to 

C18:0 occurred in the mammary gland of cows. However, there is a high delta-9 

desaturase activity that converts stearic acid (C18:0) to oleic acid (cis-9 C18:1) (Chilliard 

et al., 2000). What is more, rumenic acid (cis9, trans11 C18:2), the major CLA in the 

milk, can also be generated from desaturation of vaccenic acid (trans11 C18:1) (Griinari 

et al., 2000). Milk fat synthesis, uptake and desaturation make up the FAs pool for 

esterification of glycerol to produce TAG (98% of total milk fat) and complex lipids 

including of phospholipids (1%) (Jensen, 2002).  

Milk fat depression 

Milk fat depression (MFD) is characterized by a reduction in milk fat up to 50% 

with no change in other milk components or milk yield (Chaiyabutr et al., 1980). This 

low milk fat syndrome in response to diet composition can be categorized into two broad 

groups (Bauman and Griinari, 2000). One is diets providing large amounts of readily-

fermentable carbohydrates and reduced amounts of fiber. These low-fiber diets (LF) fail 

to maintain the normal rumen functions to support milk fat synthesis (Bauman and 

Griinari, 2003). The second group is diets supplemented with PUFAs, either from plant 

oils (such as soybean oil) or marine oils (fish oil). The latter will induce MFD even with 
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adequate fiber inclusion (Doreau and Chilliard, 1997). Among the theories proposed to 

explain MFD, three based on altered rumen microbial metabolism were supported by 

research.  

One theory is that there is inadequate rumen production of acetate and 3-HB. LF 

diets causes a decrease in milk fat precursors production to support milk fat synthesis 

thus leading to MFD. However, comparable rumen production of acetate was observed in 

LF diet that induced pronounced MFD (Bauman et al., 1971). Another experiment with 

infused exogenous acetate failed to elicit a milk fat response (Davis et al., 1970). VFA 

production is also important for energy production. A decrease in acetate production is 

expected when milk fat synthesis is inhibited with LF diets rather than the cause of it 

(Bauman and Griinari, 2003). Therefore, it is over-simplified to ascribe LF-induced MFD 

to lower rumen acetate production. 

Another theory is based on the nutrient competition between mammary glands 

and other tissues (such as adipose tissue) (Jenny et al., 1974). LF diets increase rumen 

propionate production (Bauman et al., 1971), and thus could facilitate hepatic 

gluconeogenesis (Annison et al., 1974). Increased glucose levels elicit insulin to induce 

adipose tissue utilization of acetate, 3-HB for fat deposition and reduced mobilization of 

long-chain fatty acids from fat reserve (Bauman and Griinari, 2003). By using the 

hyperinsulinemic-euglucemic clamp technique, in which circulating insulin level was 

increased over four-fold by exogenous insulin infusion while plasma glucose was 

maintained with infusion as well, only 5- 15% reduction in milk fat was observed, 

indicating a marginal milk fat response to increased insulin (McGuire et al., 1995, 

Griinari et al., 1997). In addition, the reduction of NEFA by 68% revealed the reduction 
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in milk fat was due to the inhibition of lipolysis limiting preformed fatty acids mobilized 

from body reserves (Corl et al., 2006). However, elevated insulin most likely occurs 

during mid-lactation, when cows were in positive energy balance and NEFAs represent 

only a minor contribution to milk fat synthesis as the milk fat yield only decreased by 6% 

using a hyperinsulinemic–euglycemic clamp (Andersen et al., 2002). Based on these data, 

glucogenic-insulin theory cannot fully explain the cause of MFD.  

The third theory is about the relationship between rumen fermentation and 

mammary fatty acid synthesis. Increased trans18:1 in milk fat content was observed in 

various diets that caused MFD (Bauman and Griinari, 2000). Trans11 18:1 is an 

intermediate in the biohydrogenation (BH) of linoleic acid. However, no effect on milk 

fat yield or percentage was observed by direct abomasal infusion of 25 g/d of elaidic acid 

(trans11 18:1) for 7d (Rindsig and Schultz, 1974). Further investigation discovered that 

the increase of one specific isomer trans10 18:1 in milk fat was associated with MFD 

rather than tran18:1 fatty acids in general (Grinari, 1999). Trans10 18:1 is formed from 

reduction of trans10, cis12-CLA (t10, c12-CLA). A curvilinear relationship between 

increased t10, c12-CLA in milk fat and decrease in milk fat percentage was summarized 

by Bauman & Griinari (Bauman and Griinari, 2000) just as with trans fatty acids. 

Baumgard et al. (Baumgard et al., 2000) first reported that direct infusion of pure t10, 

c12-CLA inhibited milk fat synthesis. Given the lack of direct evidence for trans fatty 

acids on MFD and t10, c12-CLA as a putative rumen BH intermediate under condition of 

MFD, a close examination of the mechanism of t10, c12-CLA on MFD was warranted 

(Bauman and Griinari, 2003).  

Biohydrogenation 
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Biohydrogenation is a process where unsaturated fatty acids (UFA) consumed by 

dairy cows are metabolized by rumen microorganisms to more saturated end-products 

(Bauman et al., 2011). For example, corn is highest in linoleic acid. Linoleic acid is 

converted to c9, t11-CLA, then hydrogenated to trans11 C18:1, and finally becomes 

stearic acid (C18:0) under normal rumen conditions (Jenkins and Harvatine, 2014). 

During MFD, BH pathways were altered and resulted in more BH intermediates in the 

rumen outflow. CLA isomers that arise from this incomplete BH requires two critical 

conditions. First, decreased rumen pH that causes a change in rumen environment and 

microbial population. Second, the increased supply of PUFAs from dietary sources 

(Bauman and Griinari, 2003). Under this “alternative” BH pathway, supply of PUFAs 

results in incomplete BH and generates an array of trans-C18:1 and CLA isomers. 

Among them, t10, c12-CLA is recognized as a primary CLA isomers responsible for 

MFD demonstrated by abomasal infusion of pure t10, c12-CLA (Baumgard et al., 2000). 

The biohydrogenation pathways are shown in Figure 2.1. 

Lee and Jenkins (Lee and Jenkins, 2011) confirmed 8 CLA isomers were enriched 

through continuous culture of mixed ruminal microbes from linoleic acid, in which t10, 

c12-CLA isomer exhibited the highest enrichment. Compared to t10, c12-CLA, other 

CLA isomers exerts antilipogenic effects to a lower efficacy. Perfield et al. (Perfield et 

al., 2007) reported t9, c11-CLA reduced milk fat by 15% compared to t10, c12-CLA, 

which reduced milk fat by 27 %. Similar effect was observed using c10, t12-CLA (Saebo 

et al., 2005). T7, c9-CLA, originated from rumen-derived trans-7 18:1 via Δ9-desaturase 

activity in mammary gland, also inhibited milk fat synthesis (Kadegowda et al., 2008). 

Inhibition of Δ9-desaturase failed to change milk fat content (Corl et al., 2002). By far, 
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the biohydrogenation theory directly illustrates the generation of bioactive CLA isomers, 

that potently and specifically inhibit milk fat synthesis and cause MFD. 

Figure 2.1 Biohydrogenation of linoleic acid 

 

 

Under normal rumen condition, linoleic acid (18:2) is converted to biohydrogenation intermediate c9, t11-

CLA, and then biohydrogenated into Elaidic acid (t11 18:1), finally saturated to end-product stearic acid 

(18:0) in the rumen outflow. However, dietary polyunsaturated fatty acids (PUFAs) and decrease in rumen 

pH cause change in rumen environment and shift in rumen microbial population to favor production of an 

alternative biohydrogenation intermediate t10, c12-CLA, part of t10, c12-CLA will be saturated into stearic 

acid, but increase in t10, c12-CLA concentration in the rumen outflow eventually induced milk fat 

depression (MFD). Modified from Jenkins and Harvatine (Jenkins and Harvatine, 2014). 
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T10, c12-CLA-induced MFD 

T10, c12-CLA was first identified as the specific CLA isomer to cause MFD 

(Baumgard et al., 2000). T10, c12-CLA as a primary CLA isomer responsible for 

reduction in milk fat synthesis was observed in other mammals including mice, rats, pigs, 

sheep and human (Bauman et al., 2011). The use of lipid-encapsulated and Ca-salts of 

CLA supplements are effective approaches to examine the CLA effect and avoid rumen 

alteration (Perfield et al., 2002, Moallem et al., 2010). Recently rumen-unprotected CLA 

supplement supplied as methyl esters used to cause MFD was also reported in grazing 

dairy ewes (Oliveira et al., 2012) and lactating goats (Baldin et al., 2013). The reduction 

of milk fat yield displayed a dose-dependent response to abosomal infusion of t10, c12-

CLA (de Veth et al., 2004). As low as 3.5 g/d t10, c12-CLA effectively reduced milk fat 

yield by 25% (Peterson et al., 2002). While increasing dose to 7.0 g/d and 14 g/d, milk fat 

yield decreased accordingly by 33 and 50% (Baumgard et al., 2001).  

The milk fat yield response to t10, c12-CLA infusion is rapid. A progressive 

decrease in milk fat following the initiation of infusion reached a significant level by 10 

h, and achieved peak reduction (44%) by 4 d. Likewise, milk fat yield recovered as soon 

as the withdrawal of t10, c12-CLA treatment and returned to the original level by d 4 

post-infusion (Baumgard et al., 2000). In a long term of 20-week CLA treatment, the 

inhibitory effect of t10, c12-CLA persisted (Perfield et al., 2002) and the recovery rate 

was relatively slow about 4 to 5 weeks after the termination of CLA supplement 

(Moallem et al., 2010).  

The apparent transfer efficiency of t10, c12-CLA from supplement to milk fat 

varies from 8-28% depending on the delivery methods and appears to be a dose-
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dependent response (Chouinard et al., 1999, de Veth et al., 2004). Reduction induced by 

CLA in overall FAs was observed but the effects are more profound in de novo 

synthesized FAs (Chouinard et al., 1999, Perfield et al., 2002), even though the effects 

distributed more uniformly among reduction of preformed FAs and DNS at low dose 

(Baumgard et al., 2001). The maximal reduction of milk fat yield was 50% (Bauman and 

Griinari, 2003). The reasons why no further reduction was observed might be intricate. It 

might be only one-half of milk fat yield is responsive to CLA regulation, or the innate 

property of milk fat as an energy source in a priority to nurse neonates.  

The effects of t10, c12-CLA on whole body metabolism and production 

performance were also extensively investigated. Supplementing CLA decreased milk fat 

synthesis and repartitioned nutrients towards milk yield and milk protein synthesis in 

grazing system (Hutchinson et al., 2012) and in an energy-limiting condition during early 

lactation (de Veth et al., 2006). During mid-, late-lactation, t10, c12-CLA has minimal 

effects on dry matter intake, body weight or energy balance (Perfield et al., 2002, 

Pappritz et al., 2011). CLA-induced MFD has no effects on plasma concentration of 

metabolites such as glucose and NEFAs or hormone secretion such as insulin, leptin and 

insulin-like growth factor-I during short-term (Baumgard et al., 2002a) or long-term 

treatment (Bernal-Santos et al., 2003). Infusion of t10, c12-CLA has no effect on plasma 

NEFA response to epinephrine challenge or glucose response to insulin challenge 

(Baumgard et al., 2002a, de Veth et al., 2006). Those results indicated that whole-body 

energy metabolism and glucose homeostasis were unaffected by t10, c12-CLA. However, 

less endogenous glucose production after CLA supplementation suggests that glucose 

utilization in mammary gland was spared for lactose synthesis since less glucose was 
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used for milk fat synthesis (Hotger et al., 2013). Kramer et al. (Kramer et al., 2013) 

reported that fatty acid synthesis in other tissues (e.g. liver and adipose tissues) was only 

marginally affected by CLA supplementation, while de novo synthesized FAs and C16 

decreased significantly in milk fat, indicating a specific CLA effect in mammary gland.   

Diet-induced MFD   

Dietary fat from forage and grains typically ranges from 1 to 3% DM. Fat 

supplements for dairy rations are usually highly hydrogenated to avoid rumen 

fermentation and digestion problems (Jenkins and Harvatine, 2014). However, in 

intensive modern dairy operations that feed total mixed rations, diets that include higher 

levels of highly fermentable carbohydrates or diets that include PUFAs-rich plant oils or 

fish oils are often associated with MFD (Harvatine et al., 2009). MFD is also found on 

more extensively managed, pastured-based dairies due to the consumption of early 

growth stage forages (Rivero and Anrique, 2015). Dairy cows fed a MFD diet (25:70% 

forage/concentrate and supplemented with 5% soybean oils) significantly decreased milk 

fat by 43% in a three-week period (Piperova et al., 2000). The increase in t10, c12-CLA 

and trans FAs in milk fat was the mark of specific modifications of rumen environment 

induced by a MFD diet (Loor et al., 2005). Furthermore, infusion of t10, c12-CLA to 

cows fed MFD diets led to a lower potential response in milk fat decrease, indicating a 

maximal response to t10, c12-CLA (Glasser et al., 2010). Dairy cows fed sunflower oil 

(rich in n-6) and linseed oil (rich in n-3) combined with DHA-rich algae diets for 10 

weeks resulted in MFD by reducing milk fat yield over 30% and increased secretion of 

t10, c12-CLA and DHA, indicating rumen BH alteration by PUFAs of lipid supplements 

(Angulo et al., 2012). 
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Continuing work reflects large variations of milk fat response to dietary 

manipulations. Since the MFD effect on DNS was more pronounced than on long chain 

fatty acids (LCFA) uptake, supply of dietary short and medium chain fatty acids 

(SMCFA) was proposed to rescue MFD (Vyas et al., 2012). Milk fat concentration 

increased linearly in response to butterfat (rich in SMCFA) infusion at the expense of 

milk yield but was insufficient to rescue MFD (Vyas et al., 2013). Along with the same 

idea, coconut oil (rich in medium chain FAs) were tested but failed to prevent MFD 

(Hollmann and Beede, 2012, Reveneau et al., 2012). Free fatty acids (FFA) rich in 

palmitic acid increased milk fat yield by increasing C16 in milk (Rico et al., 2014c). 

Different forms of UFAs supplement (FFA vs triglycerides) was investigated and UFA-

rich FFAs decreased DNS to a great extent, but neither treatment was significant than 

from control. Low milk fat yield in basal diet disguised the treatment effect due to diet 

formulation (Boerman and Lock, 2014). Using corn distillers dried grains with soluble 

(DDGS) in the high producing diets to replace soybean meal and corn grain is impeded 

by the high PUFAs in corn oils (Havlin et al., 2014). Reduced-fat DDGS allows inclusion 

up to 30% DM in the diet without risk of MFD (Ramirez-Ramirez et al., 2016).  

Potential measures to alleviate/recover milk fat yield from MFD were also 

explored. Diet-induced MFD and recovery appeared to have a similar pattern as CLA-

induced MFD which occurred progressively after a short lag (Jenkins and Harvatine, 

2014). Feeding a low fiber, high oil diet (29.5% NDF, 6.9% oils) in the induction phase 

resulted in a 34% milk fat reduction by d 9. After restoring adequate dietary NDF 

(36.8%) and minimizing PUFAs in the diet, milk fat yield was fully recovered to normal 

levels by d 15 (Rico and Harvatine, 2013). Inoculation of rumen digesta from non-MFD 
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cows showed slight improvement, to accelerate the recovery rate of DNS or normal BH 

(Rico et al., 2014a, Rico et al., 2014b). Monensin is likely to affect PUFAs-altering BH 

pathway because it is used to alter rumen bacterial population to lower ruminal methane 

production (Jenkins et al., 2003). However, supplementing monensin to MFD diet has no 

effect on milk fat yield (He et al., 2012). Supplementing vitamin E along with dietary fat 

was proposed to prevent the “trans11 to trans10 shift” in rumen BH pathway (Pottier et 

al., 2006). Administrating vitamin E after MFD developed failed to reverse the process 

toward trans11 pathway and did not restore milk fat content (Zened et al., 2012). A ratio 

of dietary starch to forage NDF > 1.4 was associated with reduced milk fat (Weiss, 2012). 

Partially replacing dietary starch with fiber and saturated fat successfully partitioned 

more energy toward milk and increased milk fat yield (Boerman et al., 2014).  

Lipogenic enzymes 

Milk fat synthesis requires concerted actions of multiple mammary lipogenic 

enzymes. These enzyme activities regulate the biochemical process involved in FA 

uptakes, fatty acid synthesis, transport, desaturation and esterification, and the formation, 

translocation and secretion of milk lipid droplet (Bauman et al., 2011). Acetyl-CoA 

carboxylase (ACC) and FA synthase (FASN) are two key enzymes for DNS in mammary 

epithelial cells. First, acetate is activated by Acyl-CoA synthase short-chain family 

member 2 (ACSS2) to acetyl-CoA (Bionaz and Loor, 2008b). The conversion of acetyl-

CoA to malonyl-CoA is catalyzed by ACC, which is the rate-limiting step of DNS. FASN 

is a multi-functional protein that transfers one acetyl-CoA unit to malonyl-CoA in a 

sequential order to produce fatty acyl-CoA with chain lengths from C4 to C16, of which 

palmitate is the major product (Smith et al., 2003). On the other hand, preformed FAs 
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uptake from plasma is mediated by lipoprotein lipase (LPL), which hydrolyzes TAG to 

release FAs. The transport of LCFAs across the mammary epithelial membrane is carried 

out by fatty acid binding protein (FABP) in conjunction with fatty acid translocator 

(FAT/CD36) (Barber et al., 1997). Acyl-CoA-binding proteins (ACBP) regulate 

intracellular FAs transport with a 10-fold higher affinity but much lower abundance than 

FABP (Mikkelsen and Knudsen, 1987). LCFAs are activated by acyl-CoA synthase long-

chain family isoforms (ACSL) and removed from FABP (Bionaz and Loor, 2008a). 

Stearoyl-CoA desaturase (SCD) introduces a double bond in the Δ9-position of the 

saturated FAs for the synthesis of monounsaturated FAs such as palmitoleoyl-CoA and 

primarily, oleoyl-CoA and production of c9, t11-CLA from t11 C18:1 (Corl et al., 2001). 

Fatty acyl-CoA synthesized from DNS and preformed FAs are esterified to the 

glycerol-3-phosphate (G3P) backbone to form TAG (Forsberg et al., 1985). Glycerol is 

from hydrolysis of TAG and also derived from glucose, which is taken up from plasma 

via an insulin-independent transporter GLUT1 (Zhao, 2014). One fatty acyl-CoA is 

acylated to G3P to form lysophosphatidate (LPA) by glycerol-3-phosphate 

acyltransferase (GPAT), which is the first committed step in TAG synthesis. 

Acylglycerolphosphate acyltransferase (AGPAT) adds another fatty acyl-CoA to 

lysophosphatidate to form phosphatidate (PA), then hydrolyzed to diacylglycerol (DAG) 

by Lipin1. Diacylglycerol acyltransferase 1 (DGAT1) esterifies the sn-3 position of G3P 

backbone with either LCFAs and SCFAs to form TAG. Milk fat globules (MFG) are 

formed in ER, transported to apical membrane and released to the lumen (Keenan and 

Mather, 2006). The pathways for milk fat synthesis are shown in Figure 2.2.  
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Piperova et al. (Piperova et al., 2000) reported that mammary ACC and FASN 

enzyme activity decreased by 61% and 44% by feeding a MFD diet that reduced milk fat 

yield by 43%. Feeding another high concentrate/low fiber diet for the same time frame, 

which reduced milk fat yield by 25%, caused a reduction of mRNA abundance of 

lipogenic genes includes ACC, FASN, SCD (Peterson et al., 2003). These results 

supported the finding in MFD induced by 5-d t10, c12-CLA infusion, which observed 

42% milk yield reduction as well as 39 to 54% reduction in mRNA abundance of above 

mentioned lipogenic enzymes (Baumgard et al., 2002b). The reduction in mRNA 

expression and enzyme activity were correlated with the increase in t10, c12-CLA level 

in these experiments. Mammary gland LPL activity was up-regulated at the onset of 

lactation and remained high through the lactation cycle compared with adipose tissues 

(Shirley et al., 1973). FABP3 was the most abundant FABP isomer in lactating mammary 

gland (Bionaz and Loor, 2008a). Gene expression of LPL and FABP3 were reduced by 

t10, c12-CLA in diet induced and CLA-induced-MFD (Baumgard et al., 2002b, Peterson 

et al., 2003). In addition to its FA trafficking role, FABP3 binding to activated FAs 

relieves the suppression of ACC and SCD (Bionaz and Loor, 2008b). Previous research 

has shown that the mRNA expression of GPAT and AGPAT was decreased significantly 

by t10, c12-CLA abomasal infusion or MFD diet (Baumgard et al., 2002b, Peterson et al., 

2003), while DGAT1 mRNA expression failed to respond to t10, c12-CLA treatment but 

the enzyme activity decreased significantly, indicating a post-translational regulation by 

CLA (Sørensen et al., 2008). Diets supplemented with plant oils and DHA-rich algae for 

10 weeks induced down-regulation of gene expression in bovine mammary tissues 

included: SCD1, FASN and SREBP1 but not LPL or GPAT. In addition, a positive 
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relationship between mammary SCD1 and SREBP1 mRNA abundance was observed 

(Angulo et al., 2012).  

Sterol response element binding protein-1 (SREBP1) has been implicated as the 

key transcription factor in the bovine mammary gland exerting coordinate control over 

transcription of the genes for milk fat synthesis (Harvatine et al., 2009, Bauman et al., 

2011). Mammary SREBP1 was initially investigated as a candidate in the regulation of 

milk fat synthesis by t10, c12-CLA using a bovine mammary epithelial cell line (MacT). 

The transcriptionally active form of SREBP1 was reduced by 26% in MacT cells cultured 

in media containing 75 µM t10, c12-CLA, and this reduction corresponded to 40-50% 

reductions in ACC and FASN mRNA abundance (Peterson et al., 2004). Subsequent to 

this work, an in vivo experiment documented reductions in gene expression for SREBP1 

and proteins involved in its activation in mammary tissue during CLA infusion and diet-

induced MFD (Harvatine and Bauman, 2006). Further experiments found that 

overexpression of SREBP1 in bovine MEC caused up-regulation of mRNA abundance of 

SREBP1, FASN, ACC and SCD1 and detected corresponding TAG accumulation (Li et 

al., 2014). The knockdown of SREBP1 in MacT cells led to the reduction in mRNA 

expression of lipogenic enzymes as well as FA uptake and synthesis (Ma and Corl, 2012).  
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Figure 2.2 The role of key lipogenic enzymes in milk fat synthesis pathways 

 

 

Diagram representing lipogenic enzyme-coordinated milk fat synthesis. Key proteins are shown in boxes: 

Acyl-CoA synthase short-chain family member 2 (ACSS2) activates acetate and 3-hydroxyl-butyrate (3-

HB), Acetyl-CoA carboxylase (ACC) carboxylates acetyl-CoA into malonyl-CoA and FA synthase 

(FASN) catalyzes the chain reaction of fatty acid. Stearoyl-CoA desaturase (SCD1) converts saturated FAs 

into monounsaturated FAs. lipoprotein lipase (LPL) mediates preform long chain FAs uptake from very 

low density lipoprotein (VLDL) and chylomicron as well as albumin bound FAs. Triglycerides (TAG) are 

hydrolyzed by LPL to release free FAs and glycerol. Small portion of glucose uptake via GLUT1 is 

transformed into glycerol-3-phosphate (G3P) as the backbone for TAG synthesis. One fatty acyl-CoA is 

esterified into G3P by glycerol-3-phosphate acyltransferase (GPAT) to produce lysophosphatidate (LPA). 

Acylglycerol-phosphate acyltransferase (AGPAT) add another fatty acyl-CoA to form phosphatidate (PA) 

then hydrolyzed to diacylglycerol (DAG) by Lipin1. TAG is produced by esterifying DAG with a third 

fatty acyl-CoA by diacylglycerol acyltransferase (DGAT). Milk fat is secreted from mammary epithelial 

cells as a lipid droplet called milk fat globule (MFG). 
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SREBP1 

SREBP proteins belong to the helix-loop-helix leucine zipper (bHLHLZ) family 

of transcription factors, which are first synthesized as 1150 amino acid (aa) inactive 

precursors bound to the ER membrane. Two SREBPs designated as SREBP1 and 

SREBP2, transcribed from two separate genes, regulate fatty acid synthesis and 

cholesterol synthesis, respectively (Brown and Goldstein, 1997). Two splice variants of 

SREBP1 result from alternative splicing of the 5’-exons. The SREBP1c variant is 

expressed in tissues while the SREBP1a isoform is expressed in cultured cells (Eberle et 

al., 2004). All three SREBP precursors (pSREBP) contain three domains: 1) a 480-aa 

NH2-terminal domain; 2) a 90-aa membrane anchoring domain consisting of two 

membrane-spanning segments separated by a short hydrophilic loop of about 30 aa that 

projects into the ER lumen; 3) the third domain is a COOH-terminal regulatory domain of 

590 aa (Brown and Goldstein, 1997).  

To stimulate gene transcription, SREBP1 must be activated through proteolytic 

processing (Eberle et al., 2004). A group of proteins are involved in its activation. After 

synthesis in the ER, SREBP1 forms complexes with SREBP cleavage-activating protein 

(SCAP), a polytopic membrane protein named coat protein complex II (COP II) escorts 

them to the Golgi apparatus (GA). SCAP is anchored in the ER through association with 

a third protein named insulin-induced gene (Insig), which retains the SCAP-SREBP1 

complex in the ER membrane. Once the SCAP-SREBP1 complex dissociates from Insig, 

and translocates to GA, SREBP1 is proteolytically cleaved into the mature form (NH2-

terminal domain) by site-1 (S1P) and site-2 proteases (S2P). The mature SREBP1 

(mSREBP1) enters the nucleus and stimulates transcription of target genes by binding to 
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the sterol responsive element (SRE) of their promoter regions (Eberle et al., 2004). The 

activation of SREBP1 is shown in Figure 2.3. 

Binding to the classic palindromic E-box motif (5’-CANNTG-3’) containing 

promoters is the hallmark of bHLHLZ transcription factors. However, there is another 

unique feature of SREBP1, that SREBP1 binds to non-palindromic sterol regulatory 

elements (5’-TCACNCCAC-3’) (Kim et al., 1995). A well-conserved arginine residue is 

found in the basic domain of almost all other bHLHLZ proteins, is substituted by a 

tyrosine in SREBP1, which allowing SREBP1 to recognize not only the e-boxes but 

SREs as well. This dual binding specificity enables SREBP1 to bind to a broad spectrum 

of lipogenic genes (Shimano, 2001). Horton et a. (Horton et al., 2003) used 

oligonucleotide arrays hybridization with RNA and identified 33 direct target genes in 

mouse liver that met the criteria of significant increase in transgenic SREBP1 mice and 

SCAP-knockout mice, of which, 16 are connected to fatty acid metabolism. In a more 

recent investigation using chromatin immunoprecipitation–high-throughput DNA 

sequencing (CHIP-seq) and feeding a high carbohydrate diet to increase SREBP1 

activity, 426 SREBP1 binding sites were characterized in chromatin from mouse liver 

(Seo et al., 2009). There could be more than one SRE in the promoters of SREBP1 target 

genes. A total of 5 binding sites for SREBP1 were found in the apoA- II promoter 

(Pissios et al., 1999). Two independent SREBP1 binding sites that flank the e-box in 

FASN promoter are required for maximal activation (Magana and Osborne, 1996). The 

nucleotide sequences of functional SREs varies enormously (Edwards et al., 2000). There 

could be multiple consensus binding sites to represent SREs. A novel sequence motif (5’-

ACTACANNTCCC-3’) was present in 76% of the total peaks, might indicate a new SRE 
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binding site (Seo et al., 2009). To date, three cofactors stimulating protein-1 (Sp-1), 

nuclear factor-Y (NF-Y) and CREB were identified for optimal transcriptional activation 

by SREBP1. In vitro studies showed that these proteins formed stable complexes to 

promote the active transcription (Edwards et al., 2000). 

In dairy cows, a RNA-seq analysis summarized that 199 genes related to milk fat 

synthesis were significantly differentiated regulated (up- or down-regulated) of mid-

lactating cows fed a diet supplemented with 5% DM linseed oil or 5% DM safflower oil, 

which are rich in unsaturated fatty acids for 28 days (Ibeagha-Awemu et al., 2016). 

Considering SREBP1 as the master transcription factor in milk fat synthesis, better 

understanding of the SREBP1 binding for lactating cows is necessary. However, a 

genome-wide analysis of SREBP1 binding sites in bovine mammary gland has never 

been revealed to-date. 
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Figure 2.3 Activation of SREBP1 

 

 

Sterol response element binding protein-1 (SREBP1) is synthesized as a precursor protein in endoplasmic 

reticulum (ER) membrane. SREBP1 is associated with SREBP cleavage activating protein (SCAP) by their 

COOH-terminal domains. SCAP-SREBP1 complex interacts with insulin-induced gene 1 (Insig1) when 

sufficient sterols are present. Decreased sterols concentration allows SCAP-SREBP1 complex to migrate to 

the Golgi, where SREBP1 is processed by site-1 (S1P) and site-2 proteases (S2P) and releases its NH2-

terminal domain, the mature form of SREBP1 to enter nucleus. The nuclear SREBP1 (nSREBP1) activates 

its target genes (e.g. its own gene) transcription through binding to the sterol response elements (SRE) in 

their promoter regions. Modified from Cheng et al. (Cheng et al., 2015). 
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Regulation of SREBP1 

SCAP is critical for SREBP1 activation. The SCAP protein is divided into two 

domains. The NH2-terminal domain consists of eight membrane-spanning segments, 

followed by a COOH-terminal containing four or five tryptophan-aspartic acid (WD) 

repeats. SCAP-SREBP1 complex formation occurs between the COOH-terminal domain 

of both proteins (Sakai et al., 1997). The COOH-terminal domain of SCAP is also 

important for recruiting S1P for initial SREBP proteolytic cleavage at site-1, which is a 

Leu-Ser bond in the middle of the luminal loop (Sakai et al., 1996). Fasting reduced 

mSREBP1 in the liver nuclei. SREBP1 increased to above nonfasted level after mice 

were refed a high concentrate/low fat diet, suggesting food consumption affects SREBP1 

activation (Horton et al., 1998). Transgenic mice that overexpressed nuclear SREBP1 

failed to show the decrease of gene expression of enzymes responsive for fatty acid 

synthesis upon fasting, indicating SREBP1 is the master regulator of lipogenic genes 

(Horton et al., 1998).  

The proteolytic cleavage of SREBPs is subject to feedback control by cholesterol. 

When sterols accumulate in cells, the SCAP-SREBP complex fails to migrate to the 

Golgi, the nuclear SREBPs are rapidly degraded by a proteosomal process and the 

synthesis of sterols and fatty acids declines (Nohturfft et al., 2000). Unsaturated FAs 

decreased the nuclear SREBP1 but not SREBP2, to be noted, oleate, linoleate and 

arachidonate were effective but saturated FA palmitate and stearate was not effective. In 

the absence of fatty acids, sterols did not cause a sustained decrease of nuclear 

SREBP1(Hannah et al., 2001). When SREBP1 was expressed through an independent 

promoter, UFAs reduced nuclear SREBP1 without affecting its mRNA level (Hannah et 
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al., 2001). These results revealed a specific inhibitory effect of UFAs on SREBP1 

activation.  

SCAP sense the excessive sterols in the cells through its sterol-sensing domain, 

thus change its conformation to prevent the SCAP-SREBP complex from incorporating 

into ER transport vesicles COP II. Mutant SCAP with a single aa substitution in the 

sterol-sensing domain (D443N) resulted in SCAP being resistant to sterol inhibition 

(Korn et al., 1998). Cheng et al. (Cheng et al., 2015) reported that minimal glucose 

concentration was sufficient to stabilize SCAP through N-glycosylation to facilitate 

SCAP-SREBP1 complex trafficking to the Golgi. 

Another critical protein in SREBP activation is Insig. The discovery of Insig1 is 

from research of cholesterol metabolism. When sterols accumulate, they bind to SCAP to 

cause a conformational change that increases the affinity of SCAP to an ER protein, 

which was later designated as Insig1, and retained the SCAP-SREBP2 complex in the ER 

(Yang et al., 2002). When cells are depleted of sterols, SCAP dissociates from Insig and 

the SCAP-SREBP complex moves to the Golgi for processing and active cholesterol 

synthesis resumes (Brown et al., 2002). This feedback response was severely blunted in 

the Insigs knockout mice, resulting in over-accumulated cholesterol and TAG, as well as 

unchanged levels of mSREBP and mRNAs for SREBP-target genes (Engelking et al., 

2005). When Insig1 protein is saturated by overexpression of SCAP, the migration of 

SCAP-SREBP complex is no longer blocked by sterols. When the expression of Insig1 

exceeds the amount of SCAP, SREBP processing is blocked even in sterol-depleted cells 

(Yang et al., 2002). Interestingly, Insig1 is also a SREBP1-target gene (Kast-Woelbern et 
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al., 2004). The increase of endogenous Insig1 is associated with SREBP1-mediated 

lipogenesis, but insufficient to block SREBP1 expression (Takaishi et al., 2004).  

Insig2, a second ER protein that can block the processing of SREBP, is 59% 

identical in human sequences with a much shorter NH2-terminal domain (Yabe et al., 

2002). But it differs from Insig1 in two aspects: 1) The expression of Insig1, but not 

Insig2 depends on the presence of mSREBP; 2) the action of Insig2 requires sterols, even 

at high expression, Insig2 will not cause ER retention of the SCAP-SREBP complex 

(Yabe et al., 2002). Insig1 expression declines as mSREBP activity is low, Insig2 

remains the inhibition on SREBP until sterol levels fall and Insig2 degrades. There is a 

liver-specific Insig2a, which can be down-regulated by insulin, allowing insulin to 

stimulate fatty acid synthesis even when hepatic cholesterol is high (Yabe et al., 2003). In 

combination of these two Insigs, lipid homeostasis is well maintained.  

The level of Insig1 protein varies opposite to that of its mRNA (Gong et al., 

2006). In sterol-depleted cells in which Insig1 mRNA levels are high, the Insig1 protein 

is ubiquitinated by the ER-resident ubiquitin ligase gp78, and rapidly degraded by a 

proteasome with a half-life < 30 min (Lee et al., 2006b). When sterols are accumulated in 

cells, SCAP binds to Insig1 and blocks Insig1 ubiquitination, thereby extending its half-

life to > 2 h (Gong et al., 2006). Therefore, the Insig1 mRNA declines with a lag in 

protein level. In contrast, Insig2 has a much longer half-life and is not regulated by 

SREBPs as well as a much lower affinity to SCAP or gp78 (Lee et al., 2006b). The 

removal of Insig1 from the ER for degradation is carried out by a complex between UBX 

domain containing protein 8 (Ubxd8) and valosin-containing protein (VCP). Ubxd8 

binds to the ubiquitinated Insig1 protein and VCP mediates the removal of Insig1 from 
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the membrane for proteosomal degradation (Lee et al., 2008). Unsaturated FAs altered 

the structure of Ubxd8 and block the removal of Insig1 from the ER by causing the 

dissociation of the Ubxd8-VCP complex from Insig1 (Lee et al., 2008, Lee et al., 2010). 

When the interaction of Ubxd8-VCP and ubiquitinated Insig1 is blocked, Insig1 is 

deubiquitinated and can resume its interaction with the SCAP-SREBP1 complex (Lee et 

al., 2008). Although ubiquitination of Insig1 is the required step of degradation, it is not 

required for the release of SCAP-SREBP1 complex (Lee et al., 2006a). The proteasomal 

degradation of Insig1 is shown in Figure 2.4. 
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Figure 2.4 Unsaturated fatty acids-mediated Insig1 proteasomal degradation 

 

Firstly, Insulin-induced gene 1 (Insig1) is ubiquitinated by ubiquitin ligase gp78. A heterodimer formed by 

UBX domain containing protein 8 (Ubxd8) and valosin-containing protein (VCP) carries the ubiquitinated 

Insig1 out of endoplasmic reticulum (ER) and finally degraded by proteasome. However, the presence of 

unsaturated fatty acids (UFAs) blocks the interaction between ubiquitinated Insig1 and Ubxd8-VCP 

complex. Thus the degradation of Insig1 is disrupted and Insig1 retained in the ER membrane. 
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Regulation of SREBP1 by mTOR signaling 

The mammalian target of rapamycin kinase (mTOR) signaling regulates SREBP1 

activation at multiple levels. mTOR regulates a variety of cellular metabolism by forming 

two complexes through interaction with different subunits: raptor (mTORC1) and rictor 

(mTORC2) (Bakan and Laplante, 2012). Porstmann et al (Porstmann et al., 2008) were 

the first to show that SREBP1 activation and lipogenesis were regulated through the 

major downstream effector of phosphatidylinositol 3-kinase (PI3K), mTOR complex 1 

(mTORC1). Akt induced SREBP1 activation was blocked by rapamycin, a mTORC1 

inhibitor, as well as the knockdown of raptor, the specific mTORC1 subunit, showed 

similar effect. Insulin induced-activation of PI3K/Akt leads to direct phosphorylation of 

tuberous sclerosis complex (TSC) 1/2 and proline-rich Akt substrate 40 kDa (PRAS40), 

which relieved their inhibition of mTORC1. In TSC1/2-null mouse embryonic 

fibroblasts, the expression of SREBP1 is activated and leads to increase of de novo lipid 

synthesis, indicating activation of mTORC1 is sufficient to stimulate SREBP1 activity 

(Duvel et al., 2010). Inhibition of S6 kinase, a downstream target of mTORC1, inhibits 

SREBP1 processing, suggesting that mTORC1 regulates SREBP1 through S6K (Duvel et 

al., 2010). SREBP1 activation is also inhibited by mTORC1 inhibitor rapamycin as well 

as the knockout of raptor, a mTORC1 subunit, prevented mice from developing hepatic 

steatosis by feeding a high fat diet (Peterson et al., 2011). Lipin1, a phosphatidic acid 

phosphatase responsible for DAG biosynthesis when present in cytosol, and a 

transcriptional coactivator in the nucleus, is a direct substrate of mTORC1 and regulates 

nuclear SREBP1 activity (Peterson et al., 2011). Lipin1 phosphorylation by mTORC1 

blocks its nuclear localization and suppresses entry of nSREBPs, while unphosphorylated 
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Lipin1 resides in the nuclear outer membrane, greatly reduced nSREBP1 levels. 

Knockdown of Lipin1 in liver-specific raptor knockout mice restores SREBP1 activation. 

In addition, Lipin1 is also a SREBP1 target gene and its transcription is under direct 

SREBP1. Considered together, Lipin1 is a mTORC1-dependent downstream regulator of 

SREBP1 and a negative feedback mechanism exists between SREBP1 and Lipin1 

(Peterson et al., 2011). 

Another possible way that mTORC1 regulate SREBP1 is influencing the ER to 

the Golgi transport of pSREBP1. Insig2a is a liver specific Insig that respond to insulin 

regulation. Knockdown of Insig2a promotes association of SCAP-SREBP1 complex with 

COPII vesicles, while overexpressed Insig2a reduced nSREBP1 level (Yellaturu et al., 

2009b). Phosphorylation of ER-bound pSREBP1 by mTORC1 increases its affinity of 

SCAP-SREBP1 complex for the Sec23/24 proteins of the COPII vesicles (Yellaturu et 

al., 2009a). However, further research showed that, it is Sec31, another COPII vesicles 

subunit, disassociates with the cAMP response element-binding protein (CREB) 

regulated transcription coactivators 2 (CRTC2), which becomes phosphorylated by 

mTORC1, and interacts instead with Sec23, thus promoting COPII dependent transport 

and processing of SREBP1 in the Golgi (Han et al., 2015a). 

SREBP1 stability is also regulated by mTORC2. nSREBP1 was reduced in cells 

treated with INK128, a potent inhibitor against mTORC1 and mTORC2, or rictor 

knockdown, a mTORC2 subunit. Inhibition of Glycogen synthase kinase-3 (GSK3) 

prevented nSREBP1 reduction induced by mTORC2 inhibition (Li et al., 2015). GSK3 

activation by insulin deprivation phosphorylates SREBP leading to ubiquitinylation by 

the SCFFbw7 ubiquitin ligase and leads to proteasomal degradation (Dong et al., 2015).  



30 

Regulation of SREBP1 by other factors 

AMP-activated protein kinase (AMPK), phosphorylates SREBP1 at Ser372, 

inhibiting SREBP1 proteolytic processing (Li et al., 2011). PKA, another cAMP 

dependent protein kinase, phosphorylated nSREBP1 at Ser314 reduced DNA binding 

without affecting the cleavage processing of SREBP1 (Lu and Shyy, 2006). AMPK was 

activated in NEFA-treated bovine hepatocytes. SREBP1 expression and transcriptional 

activity were inhibited by activated AMPK, which also inhibited ACC activity and 

decreased TAG content in hepatocytes (Li et al., 2013). T10, c12-CLA directly or 

indirectly activated AMPK and increased ACC phosphorylation in 3T3-L1 adipocytes, 

suggesting a novel pathway that t10, c12-CLA inhibits SREBP1 activation through 

AMPK (Jiang et al., 2012). AMPK regulated FAs synthesis in MacT cells was also 

reported. Cells were treated with AICAR, a AMPK activator, dramatically reduced DNS 

by inactivating ACC through phosphorylation (McFadden and Corl, 2009).  

Regulation of SREBP1 also occurs at transcriptional levels. SREBP1 is regulated 

by a feed-forward mechanism since SREs are present in the promoters of its gene. 

Through this feed-forward loop, nuclear SREBP1 (nSREBP1) activates the transcription 

of its own gene leading to constitutive expression at low level in liver and other tissues of 

adult animals. On the other hand, when nSREBP1 declined, there is a secondary decrease 

in SREBP1 mRNA (Amemiya-Kudo et al., 2000). Liver X-receptors (LXRs) are 

involved in the transcriptional regulation of SREBP1. LXR, as a nuclear receptor, forms 

heterodimer with retinoid X receptor, and are activated by a variety of sterols. A LXR-

binding site in the SREBP1 promoter was identified and LXR activates SREBP1 

transcription at the presence of a synthetic LXR agonist (Repa et al., 2000). A blunted 
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response of LXR agonist induced-lipogenic gene increase when SREBP1 is knocked out, 

indicating LXR increases fatty acid synthesis largely through SREBP1 (Liang et al., 

2002). Furthermore, unsaturated FAs competitively blocked LXR-induced SREBP1 

expression by antagonizing the ligand-dependent activation of LXR (Ou et al., 2001) and 

accelerating SREBP1 mRNA decay (Xu et al., 2001). LXR binding sites in the promoter 

of bovine SREBP1 was also identified (Lengi and Corl, 2010).However, t10, c12-CLA 

inhibited SREBP1 activation but not the ability of LXR binding to SREBP1 promoter. In 

addition, LXR activation was not altered by t10, c12-CLA infusion in lactating cows, 

indicating that the inhibition of SREBP1 transcription is not mediated by LXR in bovine 

mammary gland (Ma, 2012).  

Thyroid hormone-responsive spot 14 (S14) was identified as a t10, c12-CLA 

responsive gene, which also contains a SRE, indicating it is a SREBP1-target 

gene(Harvatine and Bauman, 2006). Dairy cows producing high fat had high S14 mRNA, 

while over-expressed S14 increased FASN and SREBP1 expression in BMEC (Cui et al., 

2015). S14-null mice produced milk deficient in de novo medium-chain fatty acids 

(MCFA) and overexpressed S14 produced equivalent amount of milk but greater MCFAs 

as well as enhanced FASN activity, indicating S14 a direct enhancer of FASN activity in 

mammary gland when maximal MCFAs production are needed (Rudolph et al., 2014). 

Acyl-coenzyme A binding domain containing 3 (ACBD3) is a Golgi-associated protein. 

ACBD3 attenuated SREBP1 maturation by directly binding to SREBP1 precursor 

(pSREBP1) rather than disrupted SCAP-SREBP1-Insig1 interaction, thus reduced the 

promoter activation on FASN and DNS of palmitate (Chen et al., 2012). Sirtuin1 (SirT1), 
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a key NAD+-dependent deacetylase directly deacetylates SREBP1 and enhanced the 

ubiquitination and thus decrease the stability of SREBP1 (Ponugoti et al., 2010).  
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Chapter 3  

Analysis of chromatin immunoprecipitation of SREBP1 in bovine 

mammary epithelial cells 

Introduction 

Animal performance can be regulated by many factors including nutrition. 

Nutrients supplied by diet ingredients can impact milk fat production and composition 

(Garnsworthy et al., 2006). Dietary polyunsaturated fatty acids (PUFA), especially t10, 

c12-conjugated linoleic acid (CLA) can induce milk fat depression (MFD) up to 50% 

(Bauman et al., 2011). Much of this influence is exerted at cellular levels. Decreasing 

milk fat synthesis depends on decreased activity of mammary epithelial cells. Multiple 

control points can influence cellular activity and one mechanism is gene transcription. 

Much of the regulation of lipid synthesis is mediated by transcription factor interaction 

with gene promoters. Sterol regulatory element binding protein 1 (SREBP1) is regarded 

as the key global regulator of lipid synthesis coordinating the suppression of mammary 

lipogenic gene expression during MFD (Baumgard et al., 2002b, Peterson et al., 2003). 

SREBP1 belongs to the basic helix-loop-helix leucine zipper (bHLHLZ) family 

of DNA binding transcription factors. Different from other bHLHLZ family members, 

SREBP1 precursor is synthesized and anchored in the endoplasmic reticulum membrane 

through two membrane spanning domains, that are cleaved to release their NH2-domain 

to migrate to the nucleus and bind to the sterol regulatory elements (SRE) in the 

promoters of SREBP1 target genes (Brown and Goldstein, 1997). A well-conserved 

arginine residue in the basic domain of other bHLHLZ transcription factors was 
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substituted by a tyrosine in SREBPs, which allow SREBPs not only bind to the classic 

palindromic E-boxes (CANNTG), but also recognize non non-palindromic SREs (Kim et 

al., 1995). Substitution of this atypical tyrosine to arginine restricted the binding to E-

boxes only (Kim et al., 1995). This duo-binding specificity enables SREBPs to regulate a 

broad spectrum of gene transcription.  

The original SRE sequence (ATCACCCCAC) was found in the promoter of low 

density lipoprotein (LDL) receptor (Briggs et al., 1993). A novel motif 

(ACTACANNTCCC) characterized in mouse liver, is present in 76% of the total 

SREBP1-binding peaks (Seo et al., 2009). The SRE sequence can vary among SREBP1 

target genes according to the current studies using a promoter-reporter gene system, that 

indicated some difficulty in assigning a consensus SRE sequence (Edwards et al., 2000).  

SREBP1 activates gene transcription involved in fatty acid synthesis (Tontonoz et 

al., 1993). Overexpression and knockdown of SREBP1-induced change in lipogenic gene 

expression confirmed the role of SREBP1 in fat synthesis in bovine mammary epithelial 

cells (Ma and Corl, 2012, Li et al., 2014). Using a promoter luciferase reporter system in 

combination with site-directed mutagenesis identified more than one SRE in the proximal 

promoters of fatty acid synthase (FASN) (Latasa et al., 2003), acetyl-CoA carboxylase-2 

(ACC2) (Oh et al., 2003) and hexokinase II (HKII) (Gosmain et al., 2004), indicating 

direct binding of SREBP1 to its target genes to regulate lipid homeostasis. Optimal 

transcriptional activation requires other transcription factors to bind to the adjacent 

location of the SREs (usually 15 base pairs around SREs). At least three cofactor binding 

sites are found in SREBP1-target gene promoters: nuclear factor-Y (NF-Y) (Magana et 

al., 2000), specificity protein 1 (Sp1) (Edwards et al., 2000) and cAMP-response element 
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binding protein (CREB) (Dooley et al., 1999). A thorough study of SREBP1 binding site 

profile in bovine mammary gland has not been reported yet. The functions and 

interactions between SRE and its cofactors in bovine has not been studied. In dairy cows, 

fatty acids are synthesized exclusively in adipose tissue and the mammary gland 

(Palmquist, 2006a). Dairy cows utilize acetate and hydroxyl-butyrate as precursors for de 

novo fatty acid synthesis and the mammary gland is insensitive to insulin regulation, 

suggesting a central role of SREBP1 in fatty acid metabolism and possibly a different 

regulatory response from non-ruminants.  

From this study, I confirmed the direct binding of mammary SREBP1 to the 

promoter regions of its target genes using chromatin immunoprecipitation (ChIP). 

Second, a preliminary characterization of genes regulated by SREBP1 in bovine 

mammary tissue was completed using developed ChIP methods coupled with deep 

sequencing (ChIP-Seq).  

Methods and materials 

Reagents 

Fetal bovine serum was from Atlanta Biologicals. Cell culture media and other cell 

culture reagents were purchased from Sigma (St. Louis, MO). Taq PCR Master mix kit 

was purchased from Qiagen (Valencia, CA). GoTaq QPCR master mix was purchased 

from Promega (Madison, WI). ChIP-IT express magnetic chromatin immunoprecipitation 

kit and sonication shearing kit were purchased from Active Motif (Carlsbad, CA).  

Preparation of samples for CHIP assay 

The first set of samples were prepared from cultured bovine mammary epithelial 

cells to validate the customized SREBP1 ChIP-grade antibody (GenScript, Piscataway, 
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NJ). Bovine mammary epithelial cells (MacT) were seeded in 150-mm culture dishes and 

grown to 80% confluence. Cells were harvested and prepared according to the ChIP assay 

kit instructions. Chromatin was cross-linked by treating with 37% formaldehyde and 

incubated on a shaking platform for 5 minutes at room temperature. Then the fixation 

reaction was stopped by adding 1.25 M glycine with continuous rocking for 5 minutes. 

Cells were lysed in 1 mL lysis buffer supplemented with protease inhibitors and PMSF 

and incubated on ice for 30 min. The cell lysates were transferred to an ice-cold dounce 

homogenizer and dounced on ice with 30 strokes to aid in nuclei release. The nuclei were 

sheared on ice with 20 pulses of 20 sec sonication using a sonic dismembrator model 100 

at setting 1 (Fisher Scientific, Waltham, MA). The chromatin was sheared to fragment 

length of 150-300 bp. Each sample was normalized to 25 µg chromatin by Bradford assay 

for immunoprecipitation. The chromatin was incubated with 2 µg of SREBP1 antibody or 

normal rabbit IgG at 4 °C for 3 h. Then the antibody bound chromatin was precipitated 

with 25 µL Protein G Magnetic bead slurry overnight at 4 °C. The beads were washed 

and the chromatin was eluted using the buffer from ChIP kit. The eluted chromatin was 

reverse cross-linked in 5 M NaCl overnight at 65 °C. The samples were treated with 

Proteinase K for 1 h at room temperature. The supernatant was collected as chromatin 

DNA. 

A second set of samples were prepared from bovine mammary tissue. The tissue 

samples were collected through mammary biopsy of three healthy, mid-lactating dairy 

cows at the Virginia Tech dairy complex and snap-frozen for further analysis. Mammary 

tissue (~200 mg) was homogenized and fixed in 37% formaldehyde for 10 min. Then 

samples were processed followed the ChIP processing procedures described for cultured 
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cells. 50 µL aliquots of each sheared chromatin sample were used to assess shearing 

efficiency for desired chromatin length and determine DNA concentration. The proteins 

were digested with a Proteinase K incubation for 1 h at 42 °C. The chromatin DNA was 

purified with 1:1 phenol/chloroform tris-EDTA saturated buffer saturated at pH 8, and 

followed by ethanol precipitation supplementing with 1 µL linear acrylamide (5 mg/mL, 

Ambion, Austin, TX) to facilitate the enrichment of DNA. The pellets were dissolved in 

25 µL water.  

PCR and real-time PCR analysis of SREBP1-target gene promoter 

End-point PCR was performed on DNA collected by ChIP. Four sets of DNA 

templates were tested: Input DNA from sheared chromatin (1 to 10 dilution); positive and 

negative control using RNA pol II and IgG antibody supplied by Active Motif; tested 

DNA from SREBP1-ChIP sample. The primers for SRE in SREBP1-proximal promoter 

(-28/-153) were: 5’-CCCATTTCCCAAGAGCGAAC-3’ for sense and 5’-

AAGTCAGAAGAGCGGTCG-3’ for antisense. The primers used for SRE in FASN-

proximal promoter (-418/-630) were: 5’-GCCCATCACCCTATCACCTA-3’ for sense 

and 5’-GGCGTACTTGGGTCACTCT-3’ for antisense. The primers for SRE in SCD-

proximal promoter (-209/-406) were: 5’-GCATCCAGTTCTTGCTTCTT-3’ for sense 

and 5’-CTGCTGTGCTGGGGATTT-3’ for antisense. PCR conditions were: one cycle of 

95 °C for 2 min; 32 cycles of 95 °C for 30 s, 55 °C for 1min and 72 °C for 45 s; and one 

cycle of 72 °C for 1 min. PCR products were separated in 2% agarose gel for 

electrophoresis and analyzed by SYBR safe staining. 

Real-time PCR was performed using the Quantitect SYBR Green PCR kit 

(Qiagen) in an Applied Biosystems 7300 Real-time PCR machine (Foster City, CA). Two 
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sets of samples were used: ChIP and IgG sample. Reactions were as follows: 1 cycle at 

95 °C for 10 min, followed by 40 cycles at 95 °C for 30 secs, 58°C for 30 secs, and 72 °C 

for 1 min. Each reaction was performed in duplicate wells. The efficiency of the primers 

was tested by producing a standard curve with 10-fold dilution of known input DNA 

quantities. Amplification efficiency between 90 to 110% was considered acceptable. Ct 

value vs DNA quantity (log scale) of the dilution was plotted to produce the standard 

curve. The fold-enrichment of SREBP1-targeted gene promoter was obtained using the 

slope of the standard curve and followed a two-step calculation: first solving for the DNA 

quantity of the ChIP and IgG samples following the equation: Y = M (log X) + B. Y was 

the Ct value, X was DNA quantity, M is the slope of the standard curve. B is the Ct value 

when X equal to 1. Then, calculating the fold enrichment of the ChIP sample relative to 

the IgG sample. 

ChIP sequencing library construction and data processing 

Three SREBP1-ChIP and input DNA samples from three animals were purified, 

ligated to sequencing adaptors and PCR amplified in preparation for deep sequencing at 

the Virginia Bioinformatics Institutes (VBI). The library preparation protocol from 

Illumina was used to prepare samples for analysis with the Illumina Genome Analyzer. 

Three ChIP samples multiplexed in one lane and 3 Input samples in the second. HiSeq 

output was set for 1×100 single read cycle clustering and sequencing per lane. An 

estimated 10 million uniquely mapped tags were sufficient to identify all binding sites for 

SREBP1. The data generated was analyzed with assistance from the Data Analysis Core 

at VBI. Reads from three independent ChIP samples, with the peaks identified in each 

replicate having at least a 60% overlap were considered ideal. After the sequencing, the 
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short tags (< 50 bp) were mapped to the bovine genome (Ensemble cow genome 

assemble UMD3.1). The tags that were unique to only one location in the genome were 

selected. And then all the unique tags were extended to the average sizes of the library 

fragments (~150-300 bp) and binned into consecutive bins running the length of each 

chromosome. The binned data can be visualized using the UCSC browser 

(http://www.genome.ucsc.edu) (O'Geen et al., 2010). Peaks identification was performed 

by counting the number of overlapped reads at each nucleotide position and defining the 

genomic position with the highest number as the peak position within a 1 kb significant 

region (Sun et al., 2011). The peaks identified through regular peak calling procedure 

using Model-based Analysis of ChIP-Seq (MACS version 2.0). The following code was 

applied: macs2 callpeak -t ChIP.bam -c Control.bam --broad -g hs --broad-cutoff 0.1. The 

effective genome size = 2.70e+09 in the algorithm. The band width which is used to scan 

the genome ONLY for model building was set to be 300. The regions within MFOLD 

range of high-confidence enrichment ratio against background to build model was set to 

be default [5, 50]. the first 10 sequences from the input treatment file was used to 

determine the tag size.  

Three sets of peaks designated to each sample were generated. Top 10 peaks 

based on q-value and fold-change were investigated and the nearest gene was identified. 

A preliminary examination of potential lipogenic genes regulated by SREBP1 was also 

assembled with the references in Ensemble cow genome database. To identify SREBP1 

bound promoters of lipogenic genes, more than 51 genes related to lipid synthesis and 

their predicted nearest SRE binding site was investigated and 17 of them were confirmed 

present in the SREBP1-ChIP. Peaks in the promoter region ± 50 kb of the gene start point 

http://www.genome.ucsc.edu/
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were taken into consideration as potential SRE binding sites. The start and the end of the 

peaks, the located chromosome number, the fold-change, the -log10 p-value, the -log10 q-

value and the distance to the nearest gene were reported. The fold-change was calculated 

by taking the average of the number of ChIP (or input) tags divided by the number of the 

tags in the sample background set at each position in the region (Tuteja et al., 2009). The 

statistical significance of the positive binding sites was measured by false discovery rate 

(FDR) which was the expected proportion of false positive binding sites among those 

that were found to be significant (Park, 2009). Q-value is a criterion of significance based 

on minimal FDR where peaks can be ranked based on q-value (Bailey et al., 2013). 

 

Results 

ChIP-PCR validation 

The effectiveness of the customized SREBP1 antibody for ChIP use on MacT 

cells were validated. The PCR results in Figure 3.2 A-B showed the presence of SRE of 

three SREBP1-target genes in input sample, in RNApol II sample as well as SREBP1-

ChIP sample by using specific promoter primers, respectively. PCR results showed 

strong affinity of RNApol II to three SREs while SREBP1appeared less affinity but clear 

binding to the SREs. No apparent binding was detected in negative control IgG samples.  

After the bovine SREBP1 antibody was validated, the condition of the ChIP 

protocol was optimized for bovine mammary tissues. The time of formaldehyde fixing 

was compared in order to achieve proper crosslink between proteins and DNA. Lowest 

sheared chromatin DNA yield was detected when incubating for 5 min as for cell culture 

samples. Fixing for 7.5 min the concentration of chromatin DNA started to increase and 
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reach peak (828 ng/µL) at 10 min then dropped when incubated for 15 min. The shearing 

efficiency was also determined by using three shearing times to maximize the change and 

generate chromatin fragment length of 100-200 bp. Figure 3.1 shows the gel 

electrophoresis of shearing for 200s, 300s and 400s with 400s shearing optimal and 

selected for the following experiments. Figure 3.2 C-E shows the PCR results of 

mammary tissue samples. Specific SREs for three SREBP1-target genes were detected in 

ChIP samples (SREBP1 and RNApol II) and input sample, but not in the negative control 

(IgG).  These two experiments confirmed the presence of SRE in three lipogenic genes 

SREBP1, FASN and SCD.  

ChIP-QPCR enrichment test 

The enrichment of SRE in three lipogenic genes of ChIP was determined by 

QPCR. First, the primer amplification efficiency (AE) was calculated through 10-time 

dilution of input sample. The AE for SREBP1, FASN and SCD were 105.86, 107.14, and 

97.31%, respectively. The fold-enrichment of ChIP relative to IgG sample were 5.97, 

7.77 and 3.49 for SREBP1, FASN and SCD, respectively (Figure 3.3). Though SCD 

failed to reach the minimal 5-fold enrichment in ChIP sample, the minimal 5-fold 

enrichment for SREBP1 in ChIP sample was achieved when the experiment was repeated 

(data not shown). Therefore, three ChIP and their respective input samples were prepared 

using the working procedure and proceeded for deep sequencing. 

ChIP-Seq data analysis 

Three pairs of ChIP and input samples from three cows were prepared for deep 

sequencing. Total mapped reads and peaks called are summarized in Table 3.1. The total 

mapped reads varied among ChIP samples from 34 million to 125 million reads, but were 
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fairly consistent for the input samples. However, the total peaks called were consistent in 

ChIP samples but varied in input samples. The average peaks called for ChIP was about 

9,500, but for input sample, input 2 recorded only 11,788 peaks compared with the other 

two input recording above 27,000 peaks. There were 604, 56 and 1380 peaks identified in 

samples 1, 2 and 3, respectively (See Appendix 1). The q-value of the peaks ranged from 

1.33 to 87.44. None of the q-value exceed 100. The fold-change varied from 1.47 to 

23.55. Two out of three samples detected peaks with 5-fold enrichment over 50 %. 

Samples 2 only recorded less than 30% peaks with 5-fold enrichment which might be due 

to the smaller peak size.   

A summary of 17 lipogenic genes and their nearest potential SRE binding site are 

shown in Table 3.2. The distance from the start of the gene ranging ± 50k bp was 

considered potential SRE binding sites. For example, SREBP1 recorded 1 binding site (-

88 bp). There were no peaks near lipogenic gene GPAT. Peaks in 11 of 17 genes located 

beyond the 5’-end transcription start site whereas the remaining 6 were located after the 

transcription starting site of the gene. The q-value of the peaks near those selected 

lipogenic genes varied from 1.66 to 43.79. The highest q-value peak was near DGAT2 

(43.79) and the lowest q-value peak was near ACCα (1.66). The highest fold-enrichment 

peak detected was near DGAT2 (18.51). There were 12 of 17 peaks detected fold-

enrichment over 5-fold threshold. The peaks near SREBP1, FASN and SCD1 recorded 

over 5-fold enrichment.  
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Discussion 

Chromatin immunoprecipitation is a powerful approach to investigate the 

interaction between transcription factors and DNA. Using specific antibody to detect 

transcription factor binding to the specific sites in the promoter of genes allows 

investigators to identify target genes regulated by the transcription factors. Mature 

SREBP1 regulated lipogenic enzyme gene transcription through SRE binding sites in the 

promoter of those lipogenic genes (Brown and Goldstein, 1997). The first ChIP 

experiment on MacT cells was to validate the SREBP1 antibody for ChIP as well as 

confirm the presence of SRE in three known SREBP1-target genes SREBP1 (Dif et al., 

2006) , FASN (Latasa et al., 2003) and SCD1 (Estany et al., 2014). RNApol II was used 

as positive control because the active transcription binding sites should be positive to 

RNApol II binding while a nonspecific antibody was used as a negative control (O'Geen 

et al., 2010). PCR is a simple way to detect whether there was positive SRE-binding 

(Wagschal et al., 2007). With proper controls (positive and negative control and input) 

the antibody was confirmed effectively detected SREBP1-bound SRE on SREBP1, 

FASN and SCD promoter. 

Next, the ChIP protocol was optimized for lactating bovine mammary. The fixing 

time for in vivo samples were slightly different from culture cell samples (Gavrilov et al., 

2014). Chromatin was sheared to shorter fragment (150-300 bp) compared to the ones 

from cell samples in order to meet the requirement of sequencing. ChIP-PCR and ChIP-

QPCR are effective approaches to investigate protein-DNA interaction in bovine (Ao et 

al., 2015) and other species and tissues (Seo et al., 2009, Rijnkels et al., 2013), but studies 

on SREBP1 binding in bovine mammary tissue have not been reported yet. A minimal 
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fold-enrichment of specific binding in ChIP samples relative to IgG sample needed to be 

met while the actual fold increase in ChIP samples varies among different target proteins. 

For example, enrichment of RNApol II binding can easily exceed over 100-fold increase 

(Sun et al., 2011). For low abundance or low affinity target protein, such as transcription 

factors, a minimum 5-fold increase in signal of ChIP sample over IgG samples is 

suggested (Haring et al., 2007). For the current experiment, two of three investigated 

genes had at least 5-fold enrichment but SCD did not. To be noted, the Ct value of the 

control IgG in three tested genes were over 30, indicating low nonspecific binding 

compared to ChIP samples. This was also consistent with the PCR result, of which no 

apparent band was detected in IgG group.  

Deep sequencing following chromatin immunoprecipitation with SREBP1 

antibody enabled us to characterized the global isoform specific expression of genes 

related to fatty acid synthesis in mammary gland. Currently, our promoter knowledge 

partially relies on in vitro promoter construct panels, which are limited to one or a few 

genes at a time (Lengi and Corl, 2010). To provide a catalog of active promoters in 

lactating bovine mammary tissue and identify SREBP1-bound SREs in selected lipogenic 

genes, a combination of ChIP-seq and bioinformatics approach was used. In this study, 

total mapped reads varied from 34 million to 126 million but relatively consistent total 

peaks called at about 9,500 peaks in ChIP samples which was far less than results from 

study on RNApol II in mouse liver tissues (Sun et al., 2011). For input samples, a fairly 

consistent number of mapped reads were obtained and relatively stable peaks were called 

in input 1 and 3 but surprisingly less in input 2. No treatment was imposed in the 

sequencing nor control tissues used as comparison. It is difficult to determine whether the 
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counts reflected the normal reads in bovine mammary tissue or abnormal reads due to 

sequencing errors. Peak calling was performed using MACS 2.0 by comparing ChIP 

sample to input sample. The peaks generated were considered the DNA fragments that 

were enrichment through SREBP1-ChIP. However, the size of peaks varied among 

samples and q-value and fold-change were relatively low. 

The peaks generated through MACS were ranked based on q-value and fold-

change. The top 10 peaks for each sample were selected for further characterization of 

their closest genes. The genes investigated displayed several interesting features. No 

major overlapping was detected among three samples, indicating very little consistency 

among the samples. Second, a considerable number of peaks were located in regions 

where there were no surrounding genes, indicating the potential for non-specific binding 

due to the low quality of sample preparation. Third, the majority of genes close to the top 

peaks were not directly related to lipid metabolism. These factors call into question the 

success of ChIP-seq assay and the accuracy of the identity of the identified genes.  

Due to the low q-value and fold enrichment of the ChIP samples and variation 

among samples, the profile of binding sites was investigated only for selected lipogenic 

genes based on genes previously reported in mouse liver SREBP1-ChIP-seq data (Seo et 

al., 2009). Predicted SREs in the promoters of genes encoding enzymes essential for fatty 

acid (FA) synthesis (ACCα, FASN), preformed FA uptake (LPL), long-chain (ACSL1) 

and short chain (ACSS2) intracellular FA activation, intracellular FA trafficking 

(FABP3), triglyceride synthesis (APGAT1, Lipin1) and transcription regulation (Insig1, 

SCAP and PPARG) among 12 other genes and isomers were observed. There was only 

one peak detected near the lipogenic genes within 50 kb of the transcription start sites. 
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This result is inconsistent with previous reports in HEK293 cells (Dif et al., 2006) and 

MacT cells (Lengi and Corl, 2010). A peak that is 1085 bp upstream of FASN promoter 

found in sample3, is more distant than the -150bp binding site found in mice FASN 

promoter (Latasa et al., 2003). Only 1 binding site found in the promoter of PPARG, 

SCAP and LPL were consistent with previous reports (Tontonoz et al., 1993, Friedman, 

2006, Seo et al., 2009). Furthermore, there was 1 binding site found in Insig1, indicating 

potential direct regulation of Insig1 by SREBP1. Over 50% of peaks were located within 

±1,000 bp of the transcription start site of the investigated genes, 88% of which were 

located within ±10k bp. It is difficult to make a clear cutoff for positive peak detection 

due to the low q-value for expected peaks.  

In summary, the current study validated a bovine SREBP1 antibody suitable for 

ChIP experiments and confirmed the presence of SRE in three known SREBP1 target 

genes SREBP1, FASN and SCD via PCR and QPCR analysis. Furthermore, a ChIP-seq 

investigation was performed on three independent bovine mammary tissue samples and 

investigated global binding SREBP1 in the genome. Due to the likely low affinity of 

SREBP1 antibody and inconsistency for sequencing, only SRE binding sites in 17 

selected lipogenic genes were investigated. Further study should utilize more controls 

such as multiple tissue biopsy and control IgG to determine the effectiveness of 

procedures. For detection of SREBP1-binding, proper treatments (such as normal milk fat 

yield vs. milk fat depression) could be the better approach to detect the relative 

enrichment of potential target genes due to the low affinity and low abundance of 

transcription factors compared to other global regulators, such as RNApol II.  
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Figures 

Figure 3.1 Gel Analysis of sonication shearing 

 

Bovine mammary tissues ( ~200 mg) were fixed for 10 minutes in 37% formaldehyde. Then 

samples were homogenized and lysed on ice for 30 minutes. The homogenates were dounced in a 

glass Dounce homogenizer (small clearance) on ice for another 30 strokes. The homogenate was 

centrifuged as described above, and the pelleted nuclei were suspended in shearing buffer. Three 

samples were sheared with 10, 15 or 20 pulses. The sheared chromatin samples were reverse-

crosslinked, treated with Proteinase K and RNase A, then phenol/chloroform extracted and 

precipitated in 100% ethanol. The pellets were dissolved in water and separated on a 1% agarose 

gel by electrophoresis. Lane 1: 100 to 5000 bp ladder; Lane 2-3: MG sheared for 200s and 

loaded with different amount (2 and 10 µL); Lane 4-5: MG sheared for 300s and loaded with 

different amount (2 and 10 µL); Lane 6-7: MG sheared for 400s and loaded with different 

amount (2and 10 µL). 
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Figure 3.2 PCR validation of known targets of ChIP samples 
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Chromatin DNA cross-linked with SREBP1 from MacT cells and bovine mammary tissues was 

precipitated with anti-SREBP1 or non-specific (IgG) antibodies as described in materials and 

methods. The PCR products were generated by amplification of sterol responsive elements (SRE) 

in the promoters of known target of SREBP1. Amplicons were resolved in 2% agarose gels. The 

figures are representatives of three independent experiments. A-C: MacT cells samples; D-E: 

mammary tissues sample. M: marker; IgG: negative control, non-specific antibody; RNA pol II: 

positive control, RNA polymerase II; SRE: sterol regulatory element binding protein SRE; 

FASN: fatty acid synthase SRE; SCD: stearoyl-CoA desaturase SRE. 
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Figure 3.3 QPCR validation of fold-enrichment of SREBP1 binding  

 

Chromatin DNA cross-linked with SREBP1 from bovine mammary tissues were precipitated with 

specific (SREBP1) or non-specific (IgG) antibodies as described in materials and methods. Real-

time PCR and primers specific to the sterol responsive elements (SRE) in the promoter of three 

known SREBP1 target genes were used to determine the fold-enrichment of ChIP vs. IgG 

samples. Representative results in this experiment were shown. SREBP1: sterol regulatory 

element binding protein SRE; FASN: fatty acid synthase SRE; SCD: stearoyl-CoA desaturase 

SRE. 
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Table 

Table 3.1 Summary of ChIP-Seq data  

 

 

Table 3.2 List of nearest potential SRE binding site in selected lipogenic gene 

promoters  

ChIP        

Ch Start End 
Fold-

change 

-log10  

pvalue 

-log10  

qvalue 
Distance Gene 

Reference 

ID 

2 12272

1775 

12272

2001 
4.00 6.90 2.86 -249 FABP3 

NM_17431

3.2 

4 11790

6527 

11790

6885 
8.22 14.94 9.86 -379 Insig1 

NM_00107

7909.1 

8 67477

977 

67478

248 
6.04 11.68 6.96 -2017 LPL 

NM_00107

5120.1 

8 96376

516 

96376

717 
4.48 7.80 3.61 -2207 ACBA1 

NM_00102

4693.1 

11 10414

7107 

10414

7254 
7.22 11.70 6.98 +651 

AGPAT2 NM_00108

0264 

11 
86131

000 

86131

167 
7.00 11.01 6.35 +2462 Lipin1 

NM_00120

6156.1 
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13 
64793

142 

64793

216 
3.84 6.85 2.82 -25 ACSS2 

NM_00110

5339.1 

16 55917

212 

55918

246 
18.51 50.37 43.79 -22,511 

DGAT2 NM_20579

3                

19 
14006

300 

14006

561 
3.39 5.47 1.66 -1085 FASN 

NM_00101

2669.1 

19 35234

613 

35234

620 
13.03 24.90 19.17 +43423 ACCα 

NM_17422

4.2 

19 
51383

551 

51383

837 
7.44 13.22 8.33 -88 SREBP1 

NM_00111

3302.1 

21 21493

185 

21493

467 
5.88 12.16 7.39 -25295 PLIN1 

NM_00108

3699.1 

22 52765

247 

52765

495 
5.09 8.90 4.53 -2516 PPARG 

NM_18102

4.2 

22 57486

634 

57486

785 
6.40 9.72 5.27 -354 SCAP 

NM_00110

1889.1 

24 49908

843 

49908

989 
6.56 9.73 5.27 +3582 ACAA2 

NM_00103

5342.2 

26 21149

595 

21149

741 
5.37 7.35 3.23 +1,277 SCD 

NM_17395

9.4 

27 14289

455 

14289

625 
3.61 6.15 2.25 +1,122 ACSL1 

NM_00107

6085.1 

 

The closest SRE binding site is listed for 17 selected lipogenic genes. Peaks were detected for 

regular peak calling and pooled to screen for potential SRE binding sites within 50k distance 

from lipogenic gene transcription start site. Ch: chromosome No.; Start: peak start site; End: 

peak end site; Fold-change: the value represents log2 fold-change from the sequencing threshold; 

p-value: the value represents -log10 p-value from the sequencing threshold; q-value: the value 

represents -log10 q-value from the sequencing threshold; summit: relative summit position to 

peak start; distance: the distance from the peak start site to the transcription start site of the 

respective gene, “-” indicates peaks upstream to the transcription start site while “+” indicates 

downstream of transcription start site; Gene: lipogenic gene; Reference ID: NCBI reference ID. 
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Chapter 4  

Trans10, cis12-CLA regulates SREBP1 activation through proteasomal 

degradation of Insig1 

Introduction 

Trans10, cis12-conjugated linoleic acid (t10, c12-CLA) induced milk fat 

depression (MFD) in dairy cows has been demonstrated through abomasal infusion 

(Baumgard et al., 2000) or dietary supplementation of t10, c12-CLA (Bernal-Santos et 

al., 2003) and high concentrate/low forage diet studies (Peterson et al., 2003). The 

reduction of milk fat yield is due to the decreased expression of genes involved in milk 

fat synthesis, i.e. acetyl CoA carboxylase (ACC), fatty acid synthetase (FASN) and Δ9-

desaturase (SCD) (Baumgard et al., 2002b). Sterol regulatory element binding protein-1 

(SREBP1) is the key transcription factor that mediates the transcription regulation of 

lipogenic enzymes (Ma and Corl, 2012, Li et al., 2014). T10, c12-CLA-induced MFD 

could be due to the SREBP1 coordinated down-regulation of lipogenic gene. The role of 

t10, c12-CLA in regulating SREBP1 activation is of interest in this study. 

SREBP1 is synthesized as a 125 kDa precursor protein (pSREBP1) and resides in 

the endoplasmic reticulum (ER) in a complex with SREBP cleavage activating protein 

(SCAP) (Sakai et al., 1997). The activation of SREBP1 requires SCAP-mediated 

transport to the Golgi apparatus (GA) and cleavage to a 65 kDa mature form 

(mSREBP1) which migrates to the nucleus and promotes transcription of genes it 

regulates, including SREBP1 (Horton et al., 1998, Eberle et al., 2004). Insulin induced 

gene-1 (Insig1) is an ER protein which anchors the SCAP-SREBP1 complex, preventing 
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SREBP1 activation (Yang et al., 2002). The interaction of Insig1 with the SCAP-

SREBP1 complex is regulated through a two-step process that includes ubiquitination 

and removal of Insig1 from the ER membrane. When the sterol level drops, ER-residing 

ubiquitin ligase gp78 ubiquitinates Insig1 in preparation for proteasomal degradation 

(Gong et al., 2006, Lee et al., 2006b). Then, UBX domain-containing protein 8 (UBXd8) 

and valosin-containing protein (VCP) complex remove ubiquitinated Insig1 out of ER 

membrane. In the absence of Insig1, SCAP escorts SREBP1 to GA for proteolytic 

activation (Lee et al., 2006a).  

Unsaturated fatty acids are known to block the maturation of SREBP1 in cultured 

cells (Hannah et al., 2001), and this is analogous to the inhibition of SREBP1 activation 

observed with MFD and the reduction in transcription of SREBP1 target genes. To be 

noted, oleate (C18:1), linoleate (C18:2) and arachidonate (C20:4) were effective for the 

inhibition. In the absence of fatty acids, sterols did not cause a sustained decrease of 

nuclear SREBP1 (Hannah et al., 2001). An essential step in the release of SCAP-SREBP1 

from the ER is the removal of Insig1 from SCAP-SREBP1 complex for degradation 

mediated by the Ubxd8-VCP complex. Unsaturated fatty acids alter the structure of 

Ubxd8 and block the removal of Insig1 from the ER by causing dissociation of the 

Ubxd8-VCP complex from Insig1 (Lee et al., 2008). I hypothesized that t10, c12-CLA 

mediated inhibition of SREBP1 activation through blocking the Ubxd8-VCP complex 

from removing Insig1 for proteasomal degradation in bovine mammary epithelial cells 

and thus inhibits lipogenic gene transcription.  

Materials and methods 

Cell culture  
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A bovine mammary epithelial cell line MacT cells was used in this experiment 

(Huynh et al., 1991). Cells were cultured in DMEM/F12 medium supplemented with 

10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) and 100 U penicillin, 

0.01 mg streptomycin, and 0.25 μg/mL amphotericin B (1× antibiotic/antimycotic 

solution; Sigma). Cells were routinely maintained at 37 °C in 5% CO2.  

Fatty acid treatments 

A 100 mM stock solution of each fatty acid was prepared by diluting the fatty 

acid completely in NaOH in equal molar ratio above 68 °C, then complexed to fatty acid 

free-BSA (>99%, sigma) in a 2.5 to 1 ratio (5 mM fatty acid to 2 mM BSA). Fatty acid-

BSA complexes were filtered through a 0.22 µm filter before addition to cells. Fatty acid 

was adjusted to designated concentrations with BSA and added to cells at equal volume 

(for control, only BSA was added). All solutions were prepared fresh and use on the same 

day. 

Expression vector construction and transfection 

Expression vector for C-terminal FLAG-tagged bovine Insig1 protein was 

constructed by RT-PCR amplifying a 951-base pair (bp) product of bovine Insig1 

(NM_001077909). The amplifying primers were as following: F: 5’-

ACTCCTCCGCGTCCCTCCT-3’; R: 5’-CCCAAACCTTGCCACTCTTC-3’. The 

resulting amplicon was cloned into the pCR4-TOPO vector (Invitrogen, Carlsbad, CA) 

and then subcloned into the pFLAG-CMV5b expression vector (Invitrogen) using the 

flanking EcoRI restriction sites in the pCR4-TOPO vector and the EcoRI site in the 

expression vector. Site-directed mutagenesis were performed using the QuikChange 

Lightning Site-Directed Mutagenessi kit (Stratagene, San Diego, CA) to destroy the stop 
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codons to create an in-frame fusion protein containing a C-terminal FLAG-tag. The stop 

codon was changed to glycine (t917g) using the primers as following: F: 5’-

GTGCGCCTGAGGATTCCATCACTGTGTGGCTTT-3’; R: 5’-

AAAGCCACACAGTGATGGAATCCTCAGGCGCAC-3’. 84 nucleotides following the 

stop codon intervening the expression of FLAG tag was chopped out using BamHI 

restriction site. Successful cloning, mutagenesis and correct orientation were confirmed 

by sequencing at each step. 

Another expression vector coding for an N-terminal myc-tagged bovine Ubxd8 

protein was constructed by RT-PCR amplifying a 1653 bp product encompassing the 

coding region of bovine Ubxd8 (XM_005209156) with the primers as following: F: 5’-

CGGGTCAGAAGCGTAGAGG-3’; R: 5’-CTGGGTTGGAGGTGAAGAGT-3’, which 

was cloned into the pCR4-TOPO vector. The coding region of Ubxd8 was then subcloned 

into the pCMV-Tag3A expression vctor using PCR primers containing BamHI and 

HindIII restriction sites and cloning into the in the BamHI and HindIII restriction sites in 

the Tag3a expression vector, to create an in-frame fusion protein containing an N-

terminal myc-tag. Successful cloning and correct orientation were confirmed by 

sequencing. 

For transient transfection of FLAG-Insig1, cells were seeded in 6-well plates at 3 

× 105 cells /well for 24 h to reach 80% confluency. Fresh medium was replaced 1 h 

before transfection. Cells were transfected with 2 µg FLAG-Insig1 plasmids using jetPEI 

transfection reagent (PolyPlus Transfection, New York, NY). After 24 h, the cells were 

treated with indicated fatty acids at designated concentrations and time for further study. 
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For immunoprecipitation assay, cells were seeded in 60 mm plates at 3 × 106 cells 

/plate. After reaching 80% confluency, cells were co-transfected with 5 µg FLAG-Insig1 

and 5 µg Myc-Ubxd8, or with 5 µg FLAG-Insig1/Myc-Ubxd8 with the respect empty 

vector as single transfection controls. After 24 h, cells were treated with 75 µmmol/L t10, 

c12-CLA or palmitic acid for another 6 h. Cells were lysed and prepared for 

immunoprecipitation. 

Insig1 decay assay 

The cells were transfected with 2 µg FLAG-Insig1 plasmids for 24 h, and then 

cultured with 75 µM t10, c12-CLA for 6 h prior to administration of 60 µg/mL 

cycloheximide to prevent further protein synthesis. Cells were harvested 0, 1.5, 3 and 4.5 

h after cycloheximide addition and lysed for immunoblot analysis of Insig1 to measure 

the decay. In addition to that, another set of cells were cultured with 75 µM t10, c12-CLA 

and in the presence or absence of MG132 for 6 h and harvested for immunoblot analysis. 

MG132 is an inhibitor of proteasomal degradation and served as a positive control. 

Immunoprecipitation (IP) 

      Whole cell lysates were prepared with cold lysis buffer (50 mM Hepes-HCl, pH at 

7.4, 150 mM NaCl, 1.5 M MgCl2, 1% Triton X-100 and protease inhibitors) and passed 

through a 23g needle several times before centrifugation. Protein concentrations were 

determined using the Bradford Assay (Bio-Rad, Hercules, CA). After the proteins were 

normalized to the same level (800 µg per treatment), 2 µg rabbit anti-Myc antibody 

(Sigma, St. Louis, MO) and 20 µL protein G plus agarose beads (#sc2002, Santa Cruz 

Biotechnology, Santa Cruz, CA) were added to 1 mL cell lysates and incubated in 4 °C 
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overnight. Beads were washed with PBS four times and eluted with 2× sample buffer. 

The supernatant was analyzed by immunoblotting.  

RT-PCR and real-time PCR (qPCR) 

Total RNA was extracted from cells using TRI Reagent (Molecular Research 

Center Inc., Cincinnati, OH) according to the manufacturer’s instructions. RNA pellets 

were resuspended in RNase-free H2O and concentrations were quantified at 260 nm using 

a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE). 2 

μg RNA per reaction were reversed transcribed to its cDNA using the Omniscript RT kit 

(Qiagen, Valencia, CA) according to the manufacturer’s instructions and Oligo-dT 

(Eurofins MWG/Operon, Huntsvile, AL) as the primer. Real-time PCR was performed 

using the Quantitect SYBR Green PCR kit (Qiagen) in an Applied Biosystems 7300 

Real-time PCR machine (Foster City, CA). Reactions were as follows: 1 cycle at 95°C 

for 10 min, followed by 40 cycles at 95°C for 30 secs, 58°C for 30 secs, and 72°C for 1 

min. Each reaction was performed in duplicate wells. Relative quantification of gene 

transcripts was determined using three pairs of endogenous controls, beta-2-

microglobulin (B2M), eukaryotic translation initiation factor 3 subunit K (EIF3K) and 

ribosomal protein S15 (RPS15). Primer amplification efficiency was tested with dilutions 

of primers, which generated a standard curve and the slope was used to calculated the 

efficiency. The range from 95 °C to 105 °C was considered proper. fold change was 

calculated using 2-△△Ct method (Livak and Schmittgen, 2001) with control treatment as 

the calibrator. Gene-specific primers for the transcripts used in the study are shown in 

Table 1. 

Protein extraction and Immunoblotting  
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Whole cell lysates were prepared with cold lysis buffer (50 mM Tris, pH 7.4, 

0.5% Triton X-100, 0.3 M NaCl, 2 mM EDTA, pH 8.0, and protease inhibitors). Protein 

concentrations were determined using the Bradford Assay (Bio-Rad, Hercules, CA). 

Samples were diluted to equal amounts of proteins and heated at 95 °C for 5 min after 

adding 2 × Laemmli sample buffer (Sigma Chemical Co., St. Louis, MO). Proteins were 

separated by SDS-PAGE using 7.5 to 12% PAGEr Gold PlusPreCast SDS-

polyacrylamide gels (Lonza, Rockland, ME), and transferred to Western blotting (WB) 

PVDF membrane (Bio-Rad, Hercules, CA). Membranes were then blocked in 5% nonfat 

milk TBS-T blocking buffer (0.05 M Tris pH 7.4, 0.2 M NaCl, 0.1% Tween, and 5% 

dried non-fat milk) on a rocker for 1 h at room temperature. Membranes were probed 

with the indicated primary antibodies, anti-FLAG (1 to 4000, #F3165, Sigma, St. Louis 

MO), anti-SREBP1(1 to 4000, customized antibody from GenScript, Piscataway, NJ) and 

anti-β-Actin (1 to 10,000, #A2228, Sigma) was used as loading control in blocking buffer 

at 4 °C overnight, then incubated with secondary antibody anti-goat IgG1 (1 to 10000, 

#sc2354, Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at room temperature, and 

added detection reagents to the blot using ECL-plus Chemiluminescence Subtract 

(Amersham Biosciences, Pittsburgh, PA) according to the manufacturer’s instructions 

and incubate for 5 min. Chemiluminescene was measured using a Chemicdoc XRS 

digital imaging system and densitometry was performed using Quantity One software 

(Bio-Rad, Hercules, CA). 

Statistical Analysis 

       All data were analyzed using the MIXED procedure (SAS 9.4, SAS institute Inc., 

Cary NC). The model included the treatment as fixed effect and the experiment replicate 
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as random effect. For cycloheximide experiment, the treatment effect at each time point 

was tested using slice statement. Post-test comparison were carried out using Tukey’s test 

for pairwise comparisons. Contrasts were used to separate the treatment means of 

different fatty acid groups: 1) t10, c12-CLA vs other fatty acids; 2) t10, c12-CLA vs c9, 

t11-CLA; 3) unsaturated fatty acids vs saturated acid. Differences were considered 

significant when p < 0.05 and tendency at p < 0.10. Results were graphed using 

GraphPad Prism 7 (GraphPad software, San Diego, CA). Each experiment was repeated 

at least three times.  

Results 

Increasing t10, c12-CLA reduced SREBP1 and lipogenic gene expression 

The effect of t10, c12-CLA on SREBP1 and transcription of its target genes was 

investigated in MacT. Cells were treated with increasing concentrations of t10, c12-CLA 

and measured SREBP1 protein expression in a relatively short term incubation of 6 h. 

Both pSREBP1 and mSREBP1 responded to CLA treatment in a dose dependent pattern. 

As CLA concentration increased, the expression of both proteins decreased (Figure 

4.1a). The protein expression of pSREBP1 remained unchanged until CLA concentration 

increased to 60 µM, while mSREBP1 dropped dramatically by 48% at CLA 

concentration of 20 µM. Both proteins continued to decrease to less than 20% as CLA 

increased (Figure 4.1b). Furthermore, CLA also downregulated mRNA of SREBP1 and 

its target genes after 24 h CLA incubation (Figure 4.2). The reduction of mRNA of 

SREBP1, FASN and SCD1 reached significance at 40 µM CLA and continued to 

decrease in a dose-dependent pattern (Figure 4.2a-c). mRNA of Insig1increased 

unexpectedly at lower CLA concentration (20 µM). As CLA increased, Insig1 started to 
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decline and reached significance at 60 µM CLA (Figure 4.2d). Insig2 failed to respond 

to CLA treatment, thus withdrew from the following study. Taken together, increasing 

CLA had a inhibitory effect on SREBP1 protein activation and its target genes involved 

in lipogenesis. 

t10, c12-CLA increased Insig1 protein expression 

Insig1 is the key regulator of SREBP1 activation in the ER membrane, and 

whether CLA blocked SREBP1 activation through Insig1 was of interest. A FLAG-

tagged-Insig1 plasmid was constructed to facilitate the measurement due to the 

deficiency of a valid bovine antibody to detect endogenous Insig1. MacT cells were 

transfected with FLAG-Insig1 and treated with t10, c12-CLA for 6 h. CLA increased 

FLAG-Insig1 protein expression in a dose-dependent pattern and reached significance 

above 40 µM (Figure 4.3).  This result was inconsistent with its mRNA expression, 

which was downregulated by increasing t10, c12-CLA. Further investigation showed that 

Insig1 protein was not only increased by t10, c12-CLA but other fatty acid treatments 

(Figure 4.4). Another CLA, c9, t11-CLA, unsaturated fatty acids linoleic acid (c9, c12 

18:2) and oleic acid (c9 18:1) also increased FLAG-Insig1 expression, though to a lesser 

extent compared to t10, c12-CLA treatment, significantly higher than no fatty acid 

control. Saturated fatty acid (palmitic acid in this study) reduced FLAG-Insig1 expression 

compared with control (p < 0.05). Taken together, unsaturated fatty acid, especially t10, 

c12-CLA, increased Insig1 protein expression, but palmitic acid reduced Insig1 protein 

expression. 

t10, c12-CLA reduced Insig1 degradation 
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To determine if the reduction of FLAG-Insig1 protein expression was due to 

increased protein synthesis or decreased protein degradation, cycloheximide (CHX), a 

protein synthesis inhibitor, and MG132, a proteasomal inhibitor, along with t10, c12-

CLA were applied to measure FLAG-Insig1 expression. Without new Insig1 protein 

being synthesized, CLA treatment significantly slowed FLAG-Insig1 decay rate after 

CHX addition (Figure 4.5a-b). At 1.5h and 3h time points, there were about 85% and 

67% of proteins accumulation in the CLA treatment group compared with 59% and 44% 

in CHX-only group. The CLA effect diminished after 4.5h of CHX incubation. On the 

other hand, cells treated with MG132 for 6h effectively blocked FLAG-Insig1 

degradation. Cells treated with t10, c12-CLA also produced the same effect but an even 

higher protein expression of FLAG-Insig1 (Figure 4.5b). To be noted, cells treated with 

combination of MG132 and t10, c12-CLA for the same period of time, failed to produce 

an additive effect by further increasing in FLAG-Insig1. Taken together, t10, c12-CLA 

increased Insig1 protein expression by blocking protein degradation rather than 

stimulating protein synthesis.  

CLA reduced interaction between Insig1 and Ubxd8 

The mechanism of CLA interfering Insig1 degradation is also of interest. Another 

expression vector coding for Myc-tagged-Ubxd8, along with FLAG-Insig1, were co-

transfected with MacT cells for 24h. The cells were treated with either 75 µM t10, c12-

CLA or 75 µM palmitic acid for another 6h before IP with anti-myc antibody. The 

association of Myc-Ubxd8 and Flag-Insig1 was assessed by precipitation of myc. Less 

FLAG-Insig1 was detected in CLA treatment group compared with control (Figure 4.6), 
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indicating reduced interaction of the Insig1-Ubxd8. Palmitic acid (PA) treatment resulted 

in more FLAG-insig1 production compared with control and CLA.  

Discussion 

The negative effect (50% reduction) of supplementing t10, c12-CLA in dairy 

cows appeared to be a specific to mammary gland response (Kramer et al., 2013). For 

example, whole-body homeostatic signals and plasma variables associated with lipid 

metabolism and energy homeostasis seem to be unaffected (Baumgard et al., 2002a). Li 

et al. (Li et al., 2014) found SREBP1 has a central role in regulating milk fat synthesis 

and is a key gene involved in milk fat synthesis. Thus, it is of interest to investigate the 

mechanism whereby CLA regulating SREBP1 and SREBP1-targeted lipogenic genes in 

mammary gland. 

From the present study, t10, c12-CLA decreased pSREBP1, mSREBP1 and 

mRNA expression in a dose-dependent pattern in MacT cells. Hannah et al. (Hannah et 

al., 2001) reported a similar pattern in HEK293 cells using arachidonate, while Peterson 

et al. (Peterson et al., 2004) treated MacT cells with 75 µM t10, c12-CLA for 48h but 

only detected mSREBP1 reduction. Wang et al. (Wang et al., 2014) showed that, 

increased t10, c12-CLA concentration to 75 µM and 150 µM, triglyceride accumulation 

in primary bovine epithelial cells decreased 58 and 87% accordingly, which was in 

agreement with the SREBP1 expression measurement in the present study. The protein 

expression of pSREBP1 and mSREBP1 decreased 42% and 62% when CLA 

concentration increased up to 100 µM. On the other hand, CLA also down-regulated 

SREBP1-target genes FASN, SCD1 and SREBP1 (Horton et al., 2003, Bionaz and Loor, 

2008b). The mRNA of lipogenic genes FASN, SCD1, SREBP1, and Insig1 decreased in 



76 

response to t10, c12-CLA treatment except Insig2. Moreover, the lowest significant level 

(60 µM) were higher than that (40 µM) found in bovine adipose tissue explant culture 

(Choi et al., 2014).  Abomasal infusion of 3.5 g/d t10, c12-CLA was sufficient to induce 

milk fat depression by 25% (Baumgard et al., 2001), while supplementing 6 g/d rumen-

protected t10, c12-CLA failed to alter the lipogenic gene expression (Kramer et al., 

2013). Taken together, supplementing t10, c12-CLA effectively inhibited SREBP1 and 

its target lipogenic gene expression in vitro, but more work is needed to define the dosage 

and means of supplementing in vivo.  

The molecular mechanism of CLA-induced SREBP1 inhibition is not well 

characterized in dairy cows. Insig1 acts as a ER anchor protein and responds to increase 

of sterol level, binding to SCAP (Yang et al., 2002) thus preventing SCAP-SREBP1 

complex from migrating to GA for SREBP1 proteolytic processing (Radhakrishnan et al., 

2007). Lee et al. (Lee et al., 2008) also showed that unsaturated fatty acids inhibited 

Insig1 degradation. The study further confirmed, when supplemented at higher levels (75 

µM) that, t10, c12-CLA, among other unsaturated fatty acids increased Insig1 protein. 

Especially, t10, c12-CLA increased Insig1 protein expression in a dose-dependent 

pattern, which was in line with the reciprocal change previously observed in CLA-

induced SREBP1 inhibition. However, the decrease in Insig1 protein with different 

unsaturated fatty acid was inconsistent with the findings in milk fat depression, where 

t10, c12-CLA is the isomer-specific CLA to cause the reduction (Bauman et al., 2011). 

The discrepancy between in vitro and in vivo setting might account for the inconsistence, 

rather than other factors preventing other unsaturated fatty acids from inhibiting milk fat 

synthesis. In deficiency of sterol (fasting), Insig1 was degraded, and SREBP1 was 
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liberated to process into its mature form to activate its target gene expression, including 

Insig1. Newly synthesized Insig1 protein provided a feedback inhibition on further 

SREBP1 activation (Engelking et al., 2004, McFarlane et al., 2014). In current study, 

lower level of t10, c12-CLA (20 µM) still significantly increased Insig1 mRNA while 

Insig1 protein started to decline, which was in line with previous finding (Gong et al., 

2006). Insig2, a liver-specific and insulin selectively regulated Insig transcript (Yabe et 

al., 2003), though expressed in bovine mammary gland (Bionaz and Loor, 2008b), failed 

to respond to increased t10, c12-CLA treatment in MacT cells. On the other hand, in 

contrast to the rapid turnover of Insig1, Insig2 had a much longer half-life and exhibited a 

long term regulation on cholesterol metabolism (Lee et al., 2006a), this might explain the 

insensitivity of Insig2 mRNA expression to CLA in current testing. 

Insig1 is an ER protein subject to ER-associated degradation (Ikeda et al., 2009). 

Insig1 was ubiquitinated by an ER-associated E3 ubiquitin ligase, gp78, but the process 

can be halted by repletion of sterol (Lee et al., 2006b). CLA-induced increase of Insig1 is 

due to the inhibition of Insig1 degradation rather than increasing Insig1 protein synthesis. 

The disappearance of FLAG-Insig1 protein was slower upon CHX treatment. It can be 

explained by the MG132-like proteosomal degradation inhibition attributed to the 

addition of t10, c12-CLA. Ubiquitinated Insig1 interacted with Ubxd8 and VCP was 

recruited to extract the Insig1-Ubxd8 complex from ER membrane and translocated to 

cytosol for proteosomal degradation, while the interaction between Insig1 and Ubxd8 can 

be disrupted by polyunsaturated fatty acids (PUFAs) (Lee et al., 2008). The interaction 

between Ubxd8 and Insig1 was tested by immunoprecipitation. FLAG-Insig1 was 
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precipitated along with Ubxd8 in vehicle or PA treatment, while CLA treatment reduced 

the precipitated FLAG-Insig1, supporting the hypothesis.  

SCAP-SREBP1 complex is carried by coat protein complex II (COP-II) vesicles 

for export from the ER to the Golgi for proteolytic processing to release mSREBP1 (Sun 

et al., 2007). The COP-II binding site in SCAP was triggered to bind to Insig1 instead by 

sterols (Sun et al., 2005). The pSREBP1 in GA was processed by site-1 protease (S1P) 

and site-2 protease (S2P), which were activated by low sterols level, and the N-terminal 

fragment was released into nucleus (Pai et al., 1998). Recently, a novel PUFA-sensitive 

SREBP1 cleavage system was recognized through the suppression of nuclear mutant 

SREBP1 which is not responsive to sterols (Nakakuki et al., 2014). Besides, a S2P 

recognition sequence in SREBP1 was involved in this novel processing, which indicated 

PUFAs might be associated with the Golgi SREBP1 cleavage in addition to the known 

SCAP/Insig1 regulatory pathway. 

Taken together, this study investigated the inhibitory effect of t10, c12-CLA on 

SREBP1 activation and SREBP1-targeted lipogenic gene transcription in MacT cells. 

The inhibition on SREBP1 activation was through the regulation of Insig1 caused by 

PUFAs. To be specific, t10, c12-CLA reduced Insig1 proteosomal degradation by 

disrupting the interaction between Insig1 and Ubxd8. The present study of the molecular 

mechanism of t10, c12-CLA-inhibited SREBP1 activation would aid understanding of 

the regulation of SREBP1-regulated lipogenesis in bovine mammary gland.  
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Table 

Table 4.1 Primer sequences for transcripts used in real-time quantitative PCR 

Transcript Accession number Primers (5’ to 3’)  

SREBP1 NM_001113302 

Forward atgccatcgagaaacgctac 

Reverse gtccgcagactcaggttctc 

SCD1 NM_173959 

Forward ccctttccttgagctgtctg 

Reverse atgctgactctctcccctga 

FASN NM_001012669 

Forward ctgcaactcaacgggaactt 

Reverse aggctggtcatgttctccag 

Insig1 NM_001077909             

Forward gtcatcgccaccatcttctc 

Reverse agtggaacctctcggtgtgtt 

Insig2 XM_003581843 

Forward tccagtgtgatgcggtgtgta 

Reverse agtgtgaccgacgtgatagtt 

EIF3k NM_001034489 

Forward gcgatgtttgagcagatgag 

Reverse gcattttctttggcctgtgt 

B2M NM_173893 

Forward tgctgaagaatcgggagaag 

Reverse ccttgctgttgggagtgaa 

RPS15 XM585783 

Forward ctctgtgcattcgggttttc 

Reverse gggctctctgggttcctct 
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Figure 

Figure 4.1 t10, c12-CLA reduced SREBP1 protein expression. 
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Cells were seeded in 6-well plates at 3×105 cells /well. On the next day, after reaching 80% 

confluency, cells were treated with increasing concentrations of t10, c12-CLA for 6 h. Total 

protein lysates were extracted and 60 µg protein were analyzed by immunoblotting. a. 

Representative immunoblots of pSREBP1 (125 kDa) and mSREBP1 (65 kDa). b. Data represent 

mean pSREBP1 and mSREBP1 protein abundance normalized to β-actin ± SEM, n=3. Mean 

(±SEM) was compared using Tukey’s test and difference was considered significant when p < 

0.05. 
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Figure 4.2 t10, c12-CLA reduced lipogenic gene expression. 

0 2 0 4 0 6 0 8 0 1 0 0

0 .0

0 .5

1 .0

1 .5
S

R
E

B
P

1

R
e

la
ti

v
e

 m
R

N
A

 a
b

u
n

d
a

n
c

e

a

b

t1 0 , c 1 2 -C L A  (M )

a

c
b c

c

a S R E B P 1

0 2 0 4 0 6 0 8 0 1 0 0

0 .0

0 .5

1 .0

1 .5

F
A

S
N

R
e

la
ti

v
e

 m
R

N
A

 a
b

u
n

d
a

n
c

e

a

a
a

b

c

b

b c

b

t1 0 , c 1 2 -C L A  (M )

F A S N

0 2 0 4 0 6 0 8 0 1 0 0

0 .0

0 .5

1 .0

1 .5

S
C

D
1

R
e

la
ti

v
e

 m
R

N
A

 a
b

u
n

d
a

n
c

e

a

a a

b

c
c c

c

t1 0 , c 1 2 -C L A  (M )

S C D 1

0 2 0 4 0 6 0 8 0 1 0 0

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

In
s

ig
1

R
e

la
ti

v
e

 m
R

N
A

 a
b

u
n

d
a

n
c

e

b

a

b

c
c

d

d

t1 0 , c 1 2 -C L A  (M )

In s ig 1

0 2 0 4 0 6 0 8 0 1 0 0

0 .0

0 .5

1 .0

1 .5

In
s

ig
2

R
e

la
ti

v
e

 m
R

N
A

 a
b

u
n

d
a

n
c

e

a

e

t1 0 ,  c 1 2 -C L A  (M )

In s ig 2

 

Cells were seeded in 6-well plates at 3×105 cells /well. On the next day, after reaching 80% 

confluency, cells were treated with increasing concentrations of t10, c12-CLA for 24 h. All 

mRNAs were measured by qPCR and normalized to 3 endogenous control genes B2M, RPS15 

and EIF3K. Mean (±SEM) was compared using Tukey’s test and difference was considered 

significant when p < 0.05. a: SREBP1; b: FASN; c: SCD1; d: Insig1; e: Insig2. 
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Figure 4.3 t10, c12-CLA increased Insig1 protein expression. 
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Cells were seeded in 6-well plates at 3×105 cells /well. On the next day, after reaching 80% 

confluency, cells were transfected with 2 µg pCMV-FLAG-Insig1 for 24 h. Then cells were 

incubated with increasing concentrations of t10, c12-CLA for 6 h. Total protein lysates were 

extracted and 60 µg proteins were analyzed by immunoblotting. a. Representative immunoblots 

of FLAG-Insig1 (25 and 28 kDa). b. Data represent mean FLAG-Insig1 protein abundance 

normalized to β-actin ± SEM, n=3. Mean (±SEM) was compared using Tukey’s test and 

difference was considered significant when p < 0.05. 
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Figure 4.4 Unsaturated fatty acids increased Insig1 protein expression. 
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Cells were seeded in 6-well plates at 3×105 cells /well. On the next day, after reaching 80% 

confluency, cells were transfected with 2 µg pCMV-FLAG-Insig1 for 24 h. Then cells were 

incubated with 75 µM of the indicated fatty acids for 6 h. Total protein lysates were extracted, 

and 60 µg proteins were analyzed by immunoblotting. a. Representative immunoblots of FLAG-

Insig1 (25 and 28 kDa). b. Data represent mean FLAG-Insig1 protein abundance normalized to β-

actin ± SEM, n=3. Mean (±SEM) was compared using Tukey’s test and were considered 

significant when p < 0.05. CON: BSA, T10: t10, c12-CLA, C9: c9, t11-CLA, LA: linoleic acid, 

OA: oleic acid, PA: palmitic acid.  
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Figure 4.5 t10, c12-CLA reduced Insig1 degradation.  

a 

 

0 1 .5 3 4 .5

0 .0

0 .5

1 .0

1 .5

I
n

s
ig

1
 d

e
c

a
y

 r
a

t
e

*
*

T im e  (h )

C H X + C L A

C H X

b

 

c 

  



88 

C O N M G 1 3 2 C L A M G 1 3 2 + C L A

0 .0

0 .5

1 .0

1 .5

2 .0

F
L

A
G

-
I

n
s

ig
1

/
-
A

c
t
in

c

a

b

c

a

d

 

Cells were seeded in 6-well plates at 3×105 cells /well. On the next day, after reaching 80% 

confluency, cells were transfected with 2 µg pCMV-FLAG-Insig1 for 24 h. a. Cells were 

incubated with 75 µM CLA for 6 h. Then cells were treated with or without cycloheximide 

(CHX, 60 μg/mL) for another 4.5 h. Cells were harvested at indicated time points after CHX 

addition. b. Cells were treated with either 10 µM MG132  or 75 µM t10, c12-CLA (CLA) or both 

for 6 h. Total protein lysates were extracted, and the levels of indicated proteins were analyzed by 

immunoblotting. c. Representative immunoblots of FLAG-Insig1 (25 and 28 kDa). d. Data 

represent mean FLAG-Insig1 protein abundance normalized to β-actin ± SEM, n=3. Means were 

compared using Tukey’s test and were considered significant when p < 0.05. 
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Figure 4.6 CLA reduced interaction between Insig1 and Ubxd8. 

  

Cells were seeded in 60 mm dishes at 3×106 cells /well. On the next day, after reaching 80% 

confluency, cells were transfected with either 5 µg of Myc-Ubxd8 or 5 µg of FLAG-Insig1 or 

both for 24 h. Then cells were treated with either 75 µM t10, c12-CLA or 75 µM palmitic acid for 

6 h. Total protein lysates were extracted 30 µg protein was used as input. 900 µg protein was 

precipitated with rabbit anti-FLAG antibody or rabbit control IgG. The pellets were washed and 

analyzed by immunoblotting with either mouse anti-FLAG or mouse anti-Myc antibodies. 30 µg 

total protein lysates were used as input sample. BSA: co-transfection with FLAG-Insig1 and 

Myc-Ubxd8, no fatty acid included. Insig1: single transfection control, only transfected with 

FLAG-Insig1. Ubxd8: single transfection control, only transfected with Myc-Ubxd8. CLA: co-

transfection with FLAG-Insig1 and Myc-Ubxd8, t10, c12-CLA treated. PA: co-transfection with 

FLAG-Insig1 and Myc-Ubxd8, palmitic acid treated. IgG: antibody control, co-transfection with 

FLAG-Insig1 and Myc-Ubxd8.  
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Chapter 5  

Regulation of SREBP1 activation through mTOR signaling, AMPK and 

glucose availability in bovine mammary epithelial cells 

Introduction 

Mammalian target of rapamycin (mTOR) complex activity is one of the key 

signaling pathways that responds to insulin-mediated regulation in mammary gland of 

cows (Bionaz, 2012). Insulin induced-mTOR signaling regulated milk protein synthesis 

in Mac-T cells (Appuhamy et al., 2011). Activation of mTOR increased lipogenic gene 

expression in mouse hepatocytes (Porstmann et al., 2008) and lipid accumulation in 

mouse liver (Laplante and Sabatini, 2009). Inhibited or defected mTOR signaling 

protected mice from developing diet- or age-induced hepatic steatosis by down-regulating 

SREBP1 and decreasing de novo lipogenesis (Yecies et al., 2011, Yuan et al., 2012).  

The mechanism of SREBP1 activation regulated by mTOR signaling was 

proposed in human obesity and cancer research. The cAMP response element-binding 

protein (CREB) transcription coactivator 2 (CRTC2), was phosphorylated by mTOR and 

removed suppression of SREBP1 activation transport to the Golgi apparatus (GA) (Han 

et al., 2015b). mTOR complex 1 (mTORC1) regulates the localization of Lipin1, a 

phosphatidic acid phosphatase, thus promoted nuclear entry of SREBP1 (Peterson et al., 

2011). mTOR complex 2 (mTORC2) modulated the phosphorylation of glycogen 

synthase kinase 3 (GSK3), prevented the GSK3-dependent proteasomal degradation of 

SREBP1 (Li et al., 2015).  

AMP-activated protein kinase (AMPK), as an energy sensor activated by 

declining intracellular energy level, is another potential regulator of lipid metabolism. 
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Activated AMPK inhibited de novo fatty acid synthesis in MacT cells (McFadden and 

Corl, 2009). NEFA-induced AMPK activation inhibited the protein expression of 

SREBP1 and decreased the mRNA level of lipogenic genes in bovine hepatocytes (Li et 

al., 2013). AMPK directly phosphorylated SREBP1 on Ser372 and suppressed SREBP1 

activation in hepatocytes (Li et al., 2011). Jiang et al. (Jiang et al., 2012) reported that 

t10, c12-CLA activated AMPK activity in adipocytes, which is of interest in this study to 

test whether AMPK plays a role in CLA-induced SREBP1 inhibition in mammary 

epithelial cells.  

Cheng et al. (Cheng et al., 2015) has shown that culturing cells in minimal 

glucose concentration was sufficient to stabilize SREBP cleavage-activating protein 

(SCAP) through N-glycosylation to facilitate the SCAP-SREBP1 complex trafficking to 

GA. Increasing glucose improved energy, and thus regulates AMPK activity (Kimura et 

al., 2003), removed the suppression on mTORC1, and elevated SREBP1 activation 

(Danai et al., 2013). In mammary gland, glucose could be essential to lipid metabolism 

via regulation of SREBP1. 

The objective of this study is to examine three potential regulators of SREBP1 

activation and regulatory signaling pathways in bovine mammary epithelial cells. I 

hypothesized that 1) insulin-induced mTOR signaling stimulates lipogenesis via 

activation of SREBP1; 2) t10, c12-CLA inhibited SREBP1 through AMPK 

phosphorylation; and 3) glucose stabilizes SCAP and facilitates SREBP1 activation.  

Materials and methods 

Reagents 
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Bovine insulin, glucose, bovine serum albumin (BSA, >99% fatty acids free), 

DMSO, Antibiotic-Antimycotic Solution (100×), phosphatase inhibitor cocktail (PIC, 

100×) and sodium orthovanadate were purchased from Sigma (St. Louis, MO). DMEM 

with high glucose and DMEM Without glucose, L-glutamine, phenol red, sodium 

pyruvate and sodium bicarbonate were purchased from Sigma. Fetal bovine serum was 

from Atlanta Biologicals (Lawrenceville, GA). Trans10, cis12-CLA and linoleic acid 

were purchased from Nu-Chek-Prep (Elysian, MN). mTOR inhibitors rapamycin and 

Torin1, GSK3 inhibitor CHIR99021 and AMPK inhibitor dorsomorphin were purchased 

from LC Laboratories (Woburn, MA). DharmaFECT reagent #2, siRNA specific against 

bovine SREBP1, non-targeting siRNA were from Dharmacon (Thermo Fisher Scientific, 

Waltham, MA). NE-PER Nuclear and Cytoplasmic extraction kit was from Thermo 

(Rockford, IL). Primary antibodies to p-AMPKα (Thr172, #2535), AMPKα (#2603), 

Lipin1 (#14906), LaminB1 (#14906), MEK1/2(#13435), p-mTOR (Ser2448, #5536), 

mTOR (#2983) and CRTC2 (#3826) were from Cell Signaling (Beverly, MA). β-Actin 

(#A2228) was from Sigma (St. Louis, MO). p-CRTC2 (Ser171, #51565) and SCAP 

(#109474) were from GeneTex (Irvine, CA). Customized antibody against SREBP1 from 

GenScript (Piscataway, NJ). Secondary antibodies rabbit anti-goat IgG1-HRP (1: 10000, 

#2768), mouse anti-goat IgG1-HRP (1: 10000, #2354) and rabbit anti-goat IgG2α (1: 

10000, #2061) were from Santa Cruz Biotechnology (Santa Cruz, CA). 

Cell culture and Treatments 

Experiments were performed using low passage number (less than 10 passages) 

bovine mammary epithelial cell line MacT. Cells were cultured in Dulbecco’s modified 

Eagle’s medium/Nutrient F-12 Ham (DMEM/F12) containing 10% fetal bovine serum, 
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100 U penicillin, 0.01 mg streptomycin, and 0.25 μg/mL amphotericin B (1× 

antibiotic/antimycotic solution). Cells were routinely maintained at 37°C in 5% CO2.  

For mTOR kinase experiments, cells were seeded in 6-well plates at a density of 3 

× 105/well. After reaching 80% confluency, cells were serum-starved for 24 h. For 

protein detection, cells were treated with indicated chemicals for 6 h. An initial chemical 

concentration and treatment time were screened from literature values and the lowest 

effective concentration and time were chosen and used at the following concentration: 

100 ng/mL insulin, 100 nM rapamycin, 250 nM Torin1, 10 µM CHIR99021. For mRNA 

measurement, cells were treated with indicated reagents for 24 h. 

For nuclear and cytoplasmic protein extraction, cells were seeded in 100 mm 

plates at 3 × 106 cells /plate. After reaching 80% confluency, cells were serum-starved for 

24 h. Cells were treated with 100 ng/mL insulin or 100 ng/mL insulin and 250 nM Torin1 

for another 6 h.  

For fatty acid treatments, either linoleic acid or t10, c12-CLA, were dissolved in 

100 mM NaOH, diluted in fatty acid free-BSA DMEM/F12 medium at 2.5 to 1 ratio (5 

mM fatty acid to 2 mM BSA). 75 µM t10, c12-CLA, 10 µM AMPK inhibitor 

dorsomorphin was determined from literature and used in this experiment. 

For glucose treatment, glucose was prepared at stock solution (2.5 M) in dH2O. 

Serum free, glucose free culture medium was prepared from no-glucose DMEM medium 

supplementing with L-glutamin, sodium bicarbonate. The next morning after seeding, 

cells will switch to treatment medium for 1 h, then add designated concentrations of 

glucose (0, 1, 5, 25 mM), and continue to incubate for another 12 h. 

Gene Knockdown by siRNA 
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siRNAs were delivered to cells by DharmaFECT reagent #2 (Dharmacon) at 100 

nM according to the manufacturer’s protocol. Treatment included two specific siRNAs 

against SREBP1 (siRNA: 5’-ccacaacgccaucgagaaauu-3’ and 5’-gcaccgaggccaaguugaauu-

3’), siRNA with a random sequence as negative control (NEG) and transfection reagent 

alone as untransfected control (C). Transfection reagent was removed after 24 h and 

replenished with culture medium without serum. Cells were incubated for 24 h then 

proceeded to treatment.  

Protein preparation and Western blot analysis 

Whole cell lysates were prepared with cold lysis buffer (50 mM Tris, pH 7.4, 

0.5% Triton X-100, 0.3 M NaCl, 2 mM EDTA, pH 8.0, and PIC). For phosphorylated 

proteins, vanadate was added to the buffer as phosphatase inhibitor in addition to PIC. 

Cytosolic and nuclear proteins were extracted and separated using the NE-PER Nuclear 

and Cytoplasmic Extraction Reagents kit (Thermo, Rockford, IL) according to the 

manufacturer’s instructions. Protein concentrations were determined using the Bradford 

Assay (Bio-Rad, Hercules, CA). Samples were diluted to equal amounts of proteins (60 

µg) and heated at 95 °C for 5 min after adding 2 × Laemmli sample buffer (Sigma 

Chemical Co., St. Louis, MO). LaminB1 and MEK1/2 were used as loading controls for 

the nuclear and the cytoplasmic fractions, respectively. And β-Actin was used as loading 

control for whole cell lysates. Proteins were separated by SDS-PAGE using 7.5 and 12% 

PAGEr Gold PlusPreCast SDS-polyacrylamide gels (Lonza, Rockland, ME), and 

transferred to Western blot PVDF membrane (Bio-Rad, Hercules, CA). Membranes were 

then blocked in 5% nonfat milk TBS-T blocking buffer (0.05 M Tris pH 7.4, 0.2 M NaCl, 

0.1% Tween, and 5% dried non-fat milk) on a rocker for 1 h at room temperature. 
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Membranes were probed with the indicated primary antibodies, then detected with 

secondary antibodies, and developed using ECL-plus chemiluminescence subtract 

(Amersham Biosciences, Pittsburgh, PA) according to the manufacturer’s instructions. 

Chemiluminescene was measured using a Chemicdoc XRS digital imaging system and 

densitometry was performed using Quantity One software (Bio-Rad, Hercules, CA). 

RT-PCR and real-time PCR (qPCR) 

Total RNA was extracted from cells using TRI Reagent (Molecular Research 

Center Inc., Cincinnati, OH) according to the manufacturer’s instructions. RNA pellets 

were resuspended in RNase-free H2O and concentrations were quantified at 260 nm using 

a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE). 2 

μg RNA per reaction were reversed transcribed to its cDNA using the Omniscript RT kit 

(Qiagen, Valencia, CA) according to the manufacturer’s instructions and Oligo-dT 

(Eurofins MWG/Operon, Huntsvile, AL) as the primer. Real-time PCR was performed 

using the Quantitect SYBR Green PCR kit (Qiagen) in an Applied Biosystems 7300 

Real-time PCR machine (Foster City, CA). Reactions were as follows: 1 cycle at 95 °C 

for 10 min, followed by 40 cycles at 95 °C for 30 secs, 58°C for 30 secs, and 72 °C for 1 

min. Each reaction was performed in duplicate wells.  

Five genes encoding lipogenic enzymes in lipogenesis (Ma and Corl, 2012) were 

selected and the effect of mTOR activity on their mRNA abundance by qPCR was 

examined. These genes included fatty acid synthase (FASN), fatty acid binding protein 3 

(FABP3), stearoyl-CoA desaturase 1 (SCD1), glycerol-3-phosphate acyltransferase 

(GPAT) and SREBP1. Relative quantification of these gene transcripts was determined 

using the geometric mean of three pairs of endogenous controls, beta-2-microglobulin 
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(B2M), eukaryotic translation initiation factor 3 subunit K (EIF3K) and ribosomal 

protein S15 (RPS15). Primer amplification efficiency was tested with dilutions of 

primers, which generated a standard curve and the slope was used to calculate the 

efficiency. The range from 95 to 105% was considered acceptable. Fold change was 

calculated using 2-△△Ct method (Livak and Schmittgen, 2001) with control treatment as 

the calibrator. Gene-specific primers for the transcripts used in the study are shown in 

Table 1. 

Statistical Analysis 

All data were analyzed using the MIXED procedure (SAS 9.4, SAS institute Inc., 

Cary NC). The model included the treatment as a fixed effect and experiment replicate as 

a random effect.  Post-test comparison were carried out using Tukey’s test for pairwise 

comparisons. Differences were considered significant when p < 0.05. Results were 

graphed using GraphPad Prism 7 (GraphPad software, San Diego, CA). Each experiment 

was repeated at least three times.  

Results 

mTOR kinase affects SREBP1 levels in MacT 

The effect of mTOR kinase activity on SREBP1 levels was determined. Insulin 

was applied to activate mTOR (Appuhamy et al., 2012), and rapamycin and Torin1 were 

used to inhibit mTOR activity (Peterson et al., 2011). To further confirm the extent of 

inhibition of mTOR, insulin was added to the cells after 30 min of rapamycin or Torin1 

incubation. Insulin significantly increased mTOR phosphorylation by over 90%, while 

rapamycin and Torin1 effectively suppressed mTOR phosphorylation compared to the 

phosphorylation of mTOR. There was no significant difference in the inhibitory effect of 
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mTOR between rapamycin or Torin1 as well as the inhibitor groups and control (Figure 1 

a-b). Next, activated mTOR stimulated expression of precursor SREBP1 (pSREBP1) and 

matured SREBP1 (mSREBP1) by 51 and 67%, respectively (Figure 5.1 a, c).  The 

stimulatory effect diminished when rapamycin or Torin1 was added in the medium, while 

no significant difference between rapamycin/Torin1 containing group and control was 

detected (Figure 5.1 a, c).  

mTOR kinase affects lipogenic gene expression in MacT 

Insulin increased mRNA abundance of SREBP1, FASN and SCD1 by 55%, 90% 

and 69%, respectively after 24 h incubation (Figure 5.2 a, b, d). Addition of mTOR 

inhibitors, especially Torin1, removed the stimulatory effect of insulin and reduced the 

expression of these gene to be not different from control group. Insulin increased FABP3, 

to our surprise, by over 10-fold, which indicated mTOR signaling effectively promoted 

preformed long chain fatty acid transport (Figure 5.2 c). However, insulin failed to elicit 

a response of mRNA expression of GPAT which remained unchanged with either 

treatment (p = 0.09). To be noted, the mRNA expression of these genes responded 

differently to the two mTOR inhibitors. Rapamycin failed to inhibit SREBP1 and FASN 

mRNA expression while Torin1 effectively down-regulated the expression of these 

transcripts compared with insulin group (Figure 5.2 a-b).  

mTOR kinase affects lipogenic gene transcription via SREBP1 

SREBP1 is known to be the master transcription factor of lipogenic genes (Bionaz 

and Loor, 2008b). Whether mTOR kinase regulated lipogenic gene transcription via 

SREBP1 or in a parallel manner analogous to SREBP1 was determined. Knockdown of 

SREBP1 by siRNA was established. pSREBP1 and mSREBP1 were reduced by 75% and 



98 

59%, respectively (Figure 5.3 a-b). The presence of insulin increased both oprotein and 

mRNA level of SREBP1 as well as the phosphorylation of mTOR in untransfected cells 

or cells transfected with nonsense siRNA (Figure 5.3 a-b).  Knockdown of SREBP1 

downregulated the mRNA levels of SREBP1 (87%), FASN (41%), SCD1 (33%) and 

FABP3 (29%) but not GPAT (Figure 3 c-g). For those decreased genes, insulin treatment 

failed to rescue the lipogenic gene expression except FABP3, which increased about 2-

fold compared to control.  

mTOR kinase affects cytoplasmic CRTC2 phosphorylation, Lipin1 cellular 

redistribution and GSK3-dependent proteasomal degradation 

Insulin-induced mTOR increased cytoplasmic ratio of p-CRTC2/t-CRTC2 by 

42% compared to that of the Torin1-treated groups (Figure 5.5a, c). Nuclear CRTC2 

phosphorylation was unaffected even though mTOR was activated, but p-CRTC2 had a 

higher expression level in both group (Figure 5.5a). Insulin increased cytoplasmic Lipin1 

significantly by 70%, while it tended to increase nuclear level of Lipin1 compared to that 

of Torin1 group (p = 0.0936) (Figure 5.5a-b).  

Insulin increased mTOR phosphorylation as Figure 1 shows, while Torin1 

abolished the insulin effect. CHIR99021, a GSK3 inhibitor, had no effect on mTOR 

phosphorylation (Figure 5.4a). Torin1 decreased pSREBP1 and mSREBP1 expression 

by 20% and 30%, respectively, compared with insulin group (Figure 5.4 a-b). Adding 

CHIR99021 to block GSK activity restored pSREBP1 and mSREBP1 expression 

significantly more than the insulin group (p = 0.03) and to a level comparable to insulin 

group (Figure 5.4 b). Adding CHIR99021 to insulin treatment further increased 
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pSREBP1 and mSREBP1 by 55% and 35%, respectively, compared to insulin group 

(Figure 5.4).  

Glucose activated SREBP1 through SCAP 

Glucose increased SCAP expression in a dose-dependent pattern and reached 

significance at 5 mM with a 35% increase for 12 h incubation compared to no glucose 

group (Figure 5.6 a-b). Further extending incubation without glucose devastated the 

viability of cells (data not shown). Glucose incubation also increased SCAP expression in 

a time-dependent pattern when MacT cells were incubated with 5 mM glucose from 0 to 

24 h (data not shown). Along with increased SCAP protein expression, glucose 

availability also affected SREBP1 protein expression. pSREBP1 and mSREBP1 

increased accordingly as glucose concentration increased. To be noted, glucose was 

sufficient to increase mSREBP1 by 223% as low as 1 mM glucose; further increasing 

glucose concentration maintained the over 2-fold mSREBP1 expression in treatment 

group compared to control (Figure 5.6a-b).  

t10, c12-CLA increases AMPK activity 

t10, c12-CLA (CLA) increased AMPK phosphorylation by 94%, while linoleic 

acid (LA) also increased AMPK phosphorylation to a lesser extent but still significantly 

higher than control (Figure 5.7a-b). CLA decreased pSREBP1 by 50% as LA decreased 

it to a comparable 44% (Figure 5.7c). To be noted, the AMPK phosphorylation was 

abated with dorsomorphin addition, an AMPK inhibitor, to only about 31% increase, but 

still significantly higher that control (p = 0.022). When dorsomorphin was added, it 

partially rescued the reduction of pSREBP1 to only decrease about 22%, but still 

significantly lower than control (p = 0.0028) (Figure 5.7c).  
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Discussion 

Milk fat synthesis consumes over one third of energy intake in dairy cows during 

early lactation (Bauman et al., 2008). This is the maternal nature of mammals to provide 

energy for their neonate even in severe negative energy balance. The reasons to spare 

energy and prioritize for mammary fatty acid synthesis and output are not well 

characterized. Insulin plays a role in coordinating energy partitioning and maintaining 

normal mammary functions (Bauman and Griinari, 2003, Osorio et al., 2016). During 

mid-lactation, when cows return to positive energy balance, insulin’s effect might direct 

adipose tissue use of mammary fatty acid precursors and cause milk fat depression 

(MFD). However, elevated circulating insulin failed to elicit MFD (McGuire et al., 1995, 

Griinari et al., 1997, Baumgard et al., 2000, Corl et al., 2006). One possibility is the 

insulin induced local cellular signaling exerts a counter-effect reserving the capability of 

mammary nutrient uptake for fatty acid synthesis. 

From this study, change of mTOR signaling regulated lipogenesis via SREBP1. 

First of all, insulin activated mTOR phosphorylation in MacT cells and the dosage (100 

ng/mL) to achieve the optimal activation of mTOR was consistent with a previous study 

(Appuhamy et al., 2011). However, the pathways that high insulin concentration-induced 

mTOR signaling was not resolved in the current experiment. It is possible that insulin 

bound to insulin like growth factor -1 receptor (IGF-1R) thus activated Akt (van Heemst, 

2010) while mTOR was the downstream target of Akt (Yecies et al., 2011). Rapamycin 

(Chiang and Abraham, 2005, Sobolewska et al., 2009, Rosner et al., 2010) and Torin1 

(Francipane and Lagasse, 2013, Atkin et al., 2014) effectively inhibited mTOR 

phosphorylation and is consistent with other reports. However, no further reduction in 
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mTOR phosphorylation in inhibitor containing groups compared to control (Figure 5.1a-

b). The mTOR phosphorylation might be low at the start of the experiment due to the cell 

synchronization and no serum present across treatments throughout the study (Yonezawa 

et al., 2006, Appuhamy et al., 2012, Suzuki et al., 2015). The reason for using two mTOR 

inhibitors was the discrepancy of rapamycin induced mTOR inhibition on lipogenic gene 

expression and different cell types (Thoreen and Sabatini, 2009, Peterson et al., 2011).  

Secondly, increased SREBP1 expression due to activated mTOR was consistent 

with previous reports (Porstmann et al., 2008, Yecies et al., 2011). The effect of mTOR 

on lipogenic gene expression was demonstrated. Activated mTOR increased the mRNA 

expression of SREBP1 as well as the selected lipogenic genes, while mTOR inhibition 

reduced lipogenic gene expression. These finding confirmed that the role of mTOR in 

lipogenesis in bovine mammary gland (Osorio et al., 2016). These results were in 

agreement with reports in primary hepatocyte and adipocyte culture (Peterson et al., 

2011, Yecies et al., 2011) but in disagreement with a report in bovine mammary explant 

culture (Shao et al., 2013). They reported insulin had a time-dependent response on 

lipogenic gene expression, but the treatment length and dosage were different from ours.  

Lastly, whether mTOR induced lipogenesis was through SREBP1 or a parallel 

stimulatory effect along with SREBP1 was evaluated. siRNA-directed SREBP1 

knockdown decreased SREBP1 protein and mRNA expression as well as other lipogenic 

genes, which is consistent with a previous report (Ma and Corl, 2012). Addition of 

insulin activated mTOR phosphorylation, but failed to rescue the reduction in lipogenic 

gene expression, indicating that mTOR signaling activated lipogenesis through SREBP1.  
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Three potential regulatory pathways of mTOR signaling on SREBP1 activation 

were tested in the current study. Firstly, mTOR regulated SREBP1 transport through 

CRTC2, a central regulator of gluconeogenesis (Wang et al., 2009), which acts as a 

suppressor in lipogenesis (Han et al., 2015b). Dephosphorylated CRTC2 was associated 

with one of the COP-II subunits Sec31 (Bi et al., 2007). Activated mTOR phosphorylated 

CRTC2 and disrupted the interaction between CRTC2 and Sec31, which interacted with 

Sec23, another COP-II subunit, allowing COP-II dependent SREBP1 to transport to GA 

for proteolytic processing. The results showed that insulin-induced mTOR increased 

phosphorylation of cytoplasmic CRTC2, indicating less CRTC would interfere SREBP1 

transport. However, nuclear CRTC2 was not regulated by mTOR, which was consistent 

with a previous report (Han et al., 2015b). Considering the serum starvation during the 

study, it might explain why nuclear CRCT2 was highly phosphorylated in both groups.  

Secondly, mTOR regulated nuclear entry of SREBP1 via phosphorylation of 

Lipin1 (Peterson et al., 2011). Dephosphorylated Lipin1 resides in outer membrane of 

nucleus. Lipin1 alters the structure of Lamin A, one of the nuclear matrix proteins, and 

prevents mature SREBP1 access to DNA (Peterson et al., 2011). On the other hand, 

Lipin1 served as a component of nuclear receptor PPARα/PGC1-α complex, promoted 

mitochondrial fatty acid oxidation(Finck et al., 2006). mTOR phosphorylates Lipin1 and 

relocates it to cytosol where it serves as a phosphate phosphatase to promote triglyceride 

synthesis. Increased cytoplasmic Lipin1 expression was observed with insulin treatment. 

Increased cytoplasmic Lipin1 promoted lipid accumulation in hepatocytes (Hu et al., 

2012). However, no significant decrease of nuclear Lipin1 was observed, which was 

contradictory to my hypothesis. Given that Lipin1 is also a SREBP1 target gene 
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(Ishimoto et al., 2009, Ma and Corl, 2012), it may be that relatively short treatment 

period used in this experiment was not be adequate to elicit a response of nuclear Lipin1 

expression.   

Lastly, mTOR inhibits GSK3-dependent proteasomal degradation of SREBP1 (Li 

et al., 2015). GSK3 phosphorylated serine 73 of pSREBP1, lowered its affinity for SCAP, 

thus exposed it to the ubiquitin ligase complex of F-box and WD domain containing 

protein 7 (SCFfbw7) which leads to proteasomal degradation (Sundqvist et al., 2005, Dong 

et al., 2015). Nutrition starvation (Dong et al., 2015) or mTORC2 inhibition (Li et al., 

2015) will induce activation of GSK3, and thus promotes SREBP1 degradation. Torin1 

inhibited mTORC2 (Smrz et al., 2011) and thus led to SREBP1 degradation, as observed 

in current study. Addition of the GSK3 inhibitor CHIR99021 effectively reversed this 

process, indicating mTORC2 regulates SREBP1 degradation. Treated in combination 

with insulin, CHIR99021, as expected, had an additive effect on protein expression and 

activation of SREBP1.Taken together, the data supported the role of insulin-induced 

mTOR signaling on SREBP1 activation by facilitating transport to the GA, access to 

nucleus and inhibition of protein degradation, thus stimulated mammary lipogenesis. 

Our data showed that t10, c12-CLA increased AMPK phosphorylation, which was 

consistent with the findings in adipocytes (Jiang et al., 2009). In current study, linoleic 

acid treatment, which served as a fatty acid control, also activated AMPK to a lesser 

extent, contradictory to previous report in 3T3-L1 adipocytes (Jiang et al., 2012). Li et al 

(Li et al., 2013) reported that NEFA supplement, which contained a portion of linoleic 

acid, increased AMPK phosphorylation in bovine hepatocytes. Activated AMPK 

phosphorylated pSREBP1 and blocked its further activation in hepatocytes (Li et al., 
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2011). CLA-induced pSREBP1 reduction was attenuated by dorsomorphin-induced 

AMPK inhibition. More evidence of AMPK regulation was found in mammary epithelial 

cells. McFadden and Corl (McFadden and Corl, 2009) also found that AMPK caused 

decreased in de novo fatty acid synthesis by increasing acetyl-CoA carboxylase-α (ACC) 

phosphorylation but a compensatory increase of SREBP1 mRNA expression. Burgos et 

al. (Burgos et al., 2013) reported AMPK repressed mTORC1 signaling under energy 

deficiency. Appuhamy et al. (Appuhamy et al., 2014) argued that, essential amino acids 

(EAAs), as energy substrates to activate mTOR phosphorylation, might overshadow the 

negative effect from AMPK. Future studies are warranted to reveal the mechanism of 

CLA inducing AMPK phosphorylation and its essential role in energy balance to regulate 

lipid metabolism in bovine mammary gland. 

Supplementing t10, c12-CLA reduced endogenous glucose production in dairy 

cows (Hotger et al., 2013). Activation of AMPK might account for the reduction, and 

increased glucose uptake and decreased lipogenic gene transcription (Zhang et al., 2011). 

Extra glucose might partition toward fatty acid synthesis by up-regulating lipogenic gene 

expression (Liu et al., 2013). Cheng et al. (Cheng et al., 2015) identified SCAP acted as a 

glucose responsive protein, and was essential for SREBP1 activation and SREBP1-

dependent lipogenesis. Even when glucose level was low, as long as one of the three N-

glycosylated sites on SCAP was activated, it was sufficient to maintain SCAP expression 

(Cheng et al., 2015). These findings indicated glucose affected lipid metabolism through 

regulation of SREBP1. Glucose effectively increased SREBP1 activation. Even though 

the increase of SCAP did not reach significance, the activation of SREBP1 was 

significantly increased at glucose concentrations above 1 mM. The glucose effect on 
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SCAP expression exhibited a dose-dependent and time-dependent pattern. The same 

pattern was seen in SREBP1 activation as well. Taken together, glucose is not only 

pivotal for lactose synthesis, but also regulates lipid metabolism through activation of 

SREBP1. 

In conclusion, activation of mTOR signaling, AMPK phosphorylation and 

glucose availability are the potential regulators on SREBP1 activation in bovine 

mammary epithelial cells. Their potential regulatory pathways were summarized in 

Figure 5.8, insulin-induced mTOR signaling regulates lipogenesis via SREBP1. And the 

stimulatory effect is based on the regulation on CRTC2, Lipin1 and GSK3-dependent 

proteosomal degradation. CLA inhibits SREBP1 activation through AMPK 

phosphorylation but further research on the mechanism of CLA-induced AMPK 

activation is needed. Glucose availability stabilizes SCAP through glycosylation, 

facilitating SREBP1 activation. These findings provide preliminary data for investigating 

nutrient availability, especially energy supply on SREBP1 activation.  
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Table 

Table 5.1 Primer sequences for transcripts used in real-time quantitative PCR 

Transcript Accession number Primers (5’ to 3’)  

SREBP1 NM_001113302 

Forward atgccatcgagaaacgctac 

Reverse gtccgcagactcaggttctc 

FABP3 NM_174313.2 

Forward aagcctaccacaatcatcgaag 

Reverse ttcaagctgggagtcgagttc 

SCD1 NM_173959 

Forward ccctttccttgagctgtctg 

Reverse atgctgactctctcccctga 

FASN NM_001012669 

Forward ctgcaactcaacgggaactt 

Reverse aggctggtcatgttctccag 

GPAT NM_001012282 

Forward attgacccttggcacgatag 

Reverse aacagcaccttcccacaaag 

EIF3k NM_001034489 

Forward gcgatgtttgagcagatgag 

Reverse gcattttctttggcctgtgt 

B2M NM_173893 

Forward tgctgaagaatcgggagaag 

Reverse ccttgctgttgggagtgaa 

RPS15 XM585783 

Forward ctctgtgcattcgggttttc 

Reverse gggctctctgggttcctct 
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Figures 

Figure 5.1 mTOR kinase affected SREBP1 levels in MacT. 
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Cells were seeded at 6-well plates with density of 3×105/well. On the next day, after reaching 80% 

confluency, cells were serum-starved for 24 h.  Cells were treated with 100 ng/mL insulin, 100 nM 

rapamycin, 250 nM Torin1 or DMSO (vehicle) for 6 h. Total protein lysates were extracted, 60 µg proteins 

were analyzed by immunoblotting. Protein bands were visualized and densitometry was quantified and 

normalized to β-Actin. Mean (±SEM) was compared using Tukey’s test and were considered significant 

when p < 0.05. a. Representative immunoblots of p-mTOR/mTOR (256 kDa), pSREBP1 (125 kDa) and 

mSREBP1 (65 kDa). b. Data represent mean ratio of p-mTOR/ t-mTOR protein abundance ± SEM, n=3. c. 

Data represent mean pSREBP1 and mSREBP1 protein abundance normalized to β-actin ± SEM, n=3. C: 

control; I: insulin; R: rapamycin; R+I: rapamycin + insulin; T: Torin1; T+I: Torin1+insulin. 
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Figure 5.2 mTOR kinase affected lipogenic gene expression in MacT. 
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Cells were seeded at 6-well plates with density of 3×105/well. On the next day, after reaching 

80% confluency, cells were serum-starved for 24 h then treated with 100 ng/mL insulin, 100 nM 

rapamycin, 250 nM Torin1 or DMSO (vehicle) for 24 h. All mRNAs were measured by qPCR 

and normalized to 3 housekeeping genes B2M, RPS15 and EIF3K. Mean (±SEM) was compared 

using Tukey’s test. And difference was considered significant when p < 0.05. a: SREBP1; b: 

SCD1; c: FABP3; d: FASN; e: GPAT. 
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Figure 5.3 mTOR kinase affected lipogenic gene transcription through SREBP1. 
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Cells were seeded at 6-well plates with density of 3×105/well. On the next day, after reaching 

80% confluency, cells were transfected with 100 nM pooled siRNA against SREBP1 (siRNA) or 

a nontargeting siRNA sequence (NEG) or with transfection reagent only (C) for 24 h and 

exchanged to serum-starving medium. Treated Cells were continued to culture for another 24 h, 



115 

then treated with 100 ng/mL insulin for 6 h. Total protein lysates were extracted, and 60 µg 

proteins were analyzed by immunoblotting. Protein bands were visualized and densitometry was 

quantified and normalized to β-Actin. For mRNA measurement, treatments were extended to 24 h 

before harvest. All mRNAs were analyzed by qPCR and normalized to 3 housekeeping genes 

B2M, RPS15 and EIF3K. a. Representative immunoblots of p-mTOR/mTOR (256 kDa), 

pSREBP1 (125 kDa) and mSREBP1 (65 kDa). b. Data represent mean SREBP1 protein 

abundance normalized to β-actin ± SEM, n=3. c-g: Data represent relative abundance of gene 

measured by qPCR and normalized to three housekeeping genes. Mean (±SEM) was compared 

using Tukey’s test. Difference was considered significant when p < 0.05. 
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Figure 5.4 mTOR kinase affected GSK3-dependent SREBP1 degradation.  
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Cells were seeded at 6-well plates with density of 3×105/well. On the next day, after reaching 

80% confluency, cells were serum-starved for 24 h and then treated with 100 ng/mL insulin, 250 

nM Torin1 or 10 µM GSK3 inhibitor CHIR99021 for 6 h. Total protein lysates were extracted, 

and 60 µg proteins were analyzed by immunoblotting. a. Representative immunoblots of p-
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mTOR/mTOR (256 kDa), pSREBP1 (125 kDa) and mSREBP1 (65 kDa). b. Data represent mean 

pSREBP1 and mSREBP1 protein abundance normalized to β-actin ± SEM, n=3. Mean (±SEM) 

was compared using Tukey’s test. Difference was considered significant when p < 0.05. I: 

insulin; I+T: Torin1+insulin; I+T+C: insulin+Torin1+CHIR99021; I+C: insulin+ CHIR99021.  
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Figure 5.5 mTOR kinase affected cytoplasmic CRTC2 phosphorylation and Lipin1 

cellular distribution.  
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Cells were seeded at 60 mm dishes with density of 3×106/well. On the next day, after reaching 

80% confluency, cells were serum-starved for 24 h and then treated with either 100 ng/mL insulin 

plus 250 nM Torin1(T+I) or 100 ng/mL insulin alone (I) for 6 h. Nuclear and cytoplasmic protein 

lysates were separated and analyzed by immunoblotting. a. Representative immunoblots of p-

mTOR/t-mTOR (256 kDa), cytoplasmic and nuclear Lipin1 (130 kDa) and p-CRTC2/t-CRTC2 

(81 kDa). b. Data represent mean cytoplasmic Lipin1 protein abundance normalized to MEK1/2 

± SEM and nuclear Lipin1 protein abundance normalized to LaminB1, n=3. c. Data represent 

mean ratio of cytoplasmic and nuclear p-CRTC2/t-CRTC2 protein abundance ± SEM, n=3. Mean 

(±SEM) was compared using Tukey’s test. Difference was considered significant when p < 0.05. 
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Figure 5.6 Glucose regulated SREBP1 through activation of SCAP.  
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Cells were seeded at 6-well plates with a density of 3×105/well. On the next day, after reaching 

80% confluency, cells were switched to serum free medium and supplemented with or without 

increasing dose of glucose for 12 h. Total protein lysates were extracted and 60 µg proteins were 

analyzed by immunoblotting. a. Representative immunoblots of SCAP (140 kDa), pSREBP1 

(125 kDa) and mSREBP1 (65 kDa). b. Data represent mean SCAP protein abundance normalized 

to β-actin ± SEM, n=3. c. Data represent mean pSREBP1 and mSREBP1 protein abundance 

normalized to β-actin ± SEM, n=3. Mean (±SEM) was compared using Tukey’s test. Difference 

was considered significant when p < 0.05. 
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Figure 5.7 trans10, cis12-CLA induced SREBP1 inhibition through AMPK 

phosphorylation.  
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Cells were seeded at 6-well plates with density of 3×105/well. On the next day, after reaching 

80% confluency, cells were treated with either 75 µM trans10, cis12-CLA (CLA), 75 µM linoleic 

acid (LA), 10 µM AMPK inhibitor Dorsomorphin (DOR) or BSA (CON) for 12 h. Total protein 

lysates were extracted and 60 µg proteins were analyzed by immunoblotting. a. Representative 

immunoblots of p-AMPK/t-AMPK (62 kDa) and pSREBP1 (125 kDa). b. Data represent mean 

ratio of p-AMPK/t-AMPK protein abundance ± SEM, n=3. c. Data represent mean pSREBP1 

protein abundance normalized to β-actin ± SEM, n=3. Mean (±SEM) was compared using 

Tukey’s test. Difference was considered significant when p < 0.05. 
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Figure 5.8 Summary diagram for proposed effects of insulin, glucose and t10, c12-

CLA and their regulatory pathways on SREBP1 activation in MacT. 

 

Insulin increases mTOR phosphorylation (orange arrow). Activated mTOR phosphorylates 

CRTC2 and Lipin1, and removes their inhibition on SREBP1 activation, mTOR signaling stops 

GSK3-dependent proteasomal degradation of SREBP1 (blue line with stop bar). Glucose 

stabilizes SCAP and thus promotes SREBP1 activation. t10, c12-CLA inhibits SREBP1 

expression through increasing AMPK phosphorylation. 
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Chapter 6  

General Conclusions 

       Milk fat synthesis is a process under coordinated control of series of lipogenic 

enzymes. SREBP1 is the key transcription factor that regulates gene transcription, 

especially genes encoding lipogenic enzymes by binding specific fragments in their 

promoter regions, called SREs. SREBP1 activation is a multiple-step process that can be 

regulated by nutrients, especially t10, c12-CLA, which was claimed to be the cause of 

milk fat depression. SREBP1 also interacts with other major cellular signaling pathways 

such as mTOR, and AMPK to adapt to hormonal regulation and nutrient availability. In 

the first study, I concluded that SREBP1 bound to the specific SRE in SREBP1, FASN 

and SCD in bovine mammary epithelial cells and lactating mammary tissues using ChIP-

PCR. Using specific SREBP1 antibody ensured targeted-enrichment of SREBP1 binding 

of SREBP1, FASN using ChIP-QPCR. On top of that, the presence of SRE in 24 

lipogenic genes was identified using ChIP-seq including genes that regulates de novo 

fatty acid synthesis, fatty acid uptake, intracellular fatty acid activation, trafficking as 

well as triglyceride synthesis. Furthermore, 88% of the SRE located within 10k bp of the 

start of 5’-end of respective genes which could be potentially functional SREs for 

SREBP1-targeted transcription regulation. However, the fold-enrichment and the q-value 

of these peaks were low and inconsistent among samples, raising questions about the 

quality of the sequencing data. In addition, 11 unique peaks in the ChIP samples and 

three of them could be the potential SREs for the genes related to lipid metabolism were 

identified, which has not been reported before. the closest genes to the top peaks ranked 

by q-value or fold-change were involved in regulating apoptosis, immune function and 
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signaling transduction were characterized, suggesting possible functions of SREBP1 in 

maintaining cell integrity.  

      In the second study, evidences were provided that t10, c12-CLA inhibited SREBP1 

activation through Insig1 proteosomal degradation. Increasing t10, c12-CLA 

concentration increased Insig1 protein expression which was corresponded to decreasing 

expression and maturation of SREBP1 as well as decreased gene expression of FASN, 

SCD and SREBP1. Insig1 expression is not only sensitive to t10, c12-CLA but other 

PUFAs such as linoleic acid and c9, t11-CLA, but not to saturated FAs like palmitic acid. 

Further investigation showed that t10, c12-CLA decreased Insig1 degradation rather than 

increased its protein synthesis since the gene expression of Insig1 was also decreased by 

addition of t10, c12-CLA. The interaction between Insig1 and Ubxd8 was blocked by 

addition of t10, c12-CLA, thus the removal of Insig1 was disrupted and remained on the 

ER membrane, preventing SREBP1 migration to the Golgi for further processing. The 

retained Insig1 is the reason for t10, c12-CLA-mediating SREBP1 inhibition thus 

reducing lipogenic gene transcription.  

      In the third study, the potential effects of mTOR signaling, AMPK and glucose on 

SREBP1 activation were investigated. Insulin-induced mTOR activation or 

rapamycin/Torin1-mediated mTOR inhibition regulated SREBP1 activation thus 

lipogenic gene expression. Knockdown of SREBP1 by specific siRNA blocked the 

mTOR stimulatory effect on lipogenic gene transcription, suggesting possible mTOR 

regulation of SREBP1 activation. Activated mTOR phosphorylated CRTC2, a suppressor 

of COP II-dependent SREBP1 maturation, which inhibited the formation of COP II 

vesicles that deliver the SREBP1-SCAP complex from the ER to the Golgi. 
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Phosphorylated CRTC2 was inactivated and dissociated from COP II subunit Sec31A. 

Lipin1, which suppressed mature SREBP1 entry into the nucleus, was also 

phosphorylated by mTOR and translocated from the nucleus to the cytosol. Lastly, 

SREBP1 degradation was a GSK3-dependent process which was also regulated by 

mTOR. Activated mTOR acted as GSK3 inhibitor to prevent SREBP1 proteosomal 

degradation. t10, c12-CLA increased AMPK phosphorylation in MacT cells. Inhibition of 

AMPK phosphorylation reduced the inhibitory effect of t10, c12-CLA on SREBP1 

activation, indicating a potential regulatory pathway of t10, c12-CLA on SREBP1 via 

AMPK. Lastly, minimal glucose concentration was sufficient to stabilize SCAP and 

facilitate SREBP1 activation. No glucose degraded SCAP and inhibited SREBP1 

activation, indicating a novel effect of glucose on SREBP1 activation. This is the first 

report to investigate the mechanisms of SREBP1 activation by mTOR, AMPK and 

glucose in MacT cells. More in vivo data are required to further reveal the interaction 

between SREBP1 and its regulators and to determine the role of those factors on milk fat 

synthesis.   

 

 

 

 

 

 

 

 


