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ABSTRACT

The main objective of this project was to determine the effect of tumor cell gangliosides on cell signaling. During the past decade, the shedding of gangliosides into circulation by medulloblastoma and other tumors has become a well-established phenomenon. Several key findings have been published recently: that gangliosides are shed by tumors of neuroectodermal origin; exogenously added gangliosides can modulate the activity of growth factor receptors and can enhance proliferation of stromal cells; and inhibition of cellular glycosphingolipid synthesis leads to suppression of tumor formation. Therefore, our hypothesis is that specific inhibition of ganglioside biosynthesis in fibroblasts will inhibit growth factor signaling in those cells, with the broader implications being that inhibition of ganglioside synthesis in the tumor microenvironment will inhibit the proliferative response of stromal cells to growth factor stimulation. To test this hypothesis, we proposed two specific aims. Aim 1 was to develop a ganglioside deficient cell model through antisense inhibition or gene knockout of GM3 synthase. Disruption of this enzyme was expected to completely eliminate cellular gangliosides, since all major gangliosides are derived from GM3. However, neither the antisense nor the gene targeting approach resulted in a successful inactivation of GM3 synthase enzyme in tumor cell lines. Fortunately, two other cell models became available to us recently. One cell model includes embryonic fibroblasts are derived from a GM3 synthase knockout mouse. The other cell model is human dermal fibroblasts derived from patients with a homozygous nonsense mutation in GM3 synthase. There is a 40-50% reduction in the total ganglioside level in GM3 synthase heterozygous mouse embryonic fibroblasts (MEF) and, interestingly, in homozygous MEFs, there is a switch to an alternative ganglioside biosynthetic pathway. Mass spectrometric analysis using MALDI-TOF showed that these gangliosides were GM1b, GalNAc-GM1b, GD1α, and GD1c, and that they are present at 20 to 25% of the total normal ganglioside level of wild type MEFs, thus confirming the switch to the 0-series ganglioside biosynthesis in GM3S -/- MEFs. In contrast to MEFs, there were minimally detectable levels of gangliosides in GM3 synthase -/- human dermal fibroblasts. The objective of specific aim 2 of the project was to investigate how elimination of gangliosides from the cell affects growth factor receptor signaling in vitro, in particular EGF receptor signaling. EGFR activation assays showed that neither partial reduction in ganglioside level (GM3S +/- MEFs) nor nearly complete elimination of gangliosides (in GM3S -/- human dermal fibroblasts) resulted in a statistically significant change in EGF receptor activity. However, preincubation of human fibroblasts (but not MEFs) with exogenously added ganglioside GD1a resulted in a significant enhancement of EGF receptor autophosphorylation (p = 0.006), confirming previously published data [1]. The results suggest that EGF receptor activity is not affected by changes in endogenous gangliosides of fibroblasts, while it can be enhanced by exogenously added gangliosides, such as tumor-shed gangliosides. These data support a refinement of the above hypothesis, i.e. that exogenous gangliosides, but not endogenous ganglioside content, affect growth factor mediated signaling and biological response.    
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INTRODUCTION

Section I. General structure and biosynthesis of gangliosides

Structure of gangliosides

Gangliosides are glycosphingolipids (GSL) containing sialic acid residue(s). The glycosphingolipid moiety usually consists of ceramide and lactose, with additional sugars added by a network of loosely specialized transferases. Gangliosides are a minor component of glycolipids present in most mammalian cell membranes; the bulk of the lipid bilayer of the plasma membrane in mammalian cells consists of phosphoglycerides, cholesterol, and sphingolipids other than gangliosides [2]. Gangliosides differ in the number and sites of sialic acid residues attached to the carbohydrates as well as in the number and configuration of sugars: glucose, galactose, and N-acetylgalactosamine. Gangliosides are classified according to the number of sialic acid residues and their migration pattern during thin-layer chromatography [3].  
Biosynthesis of gangliosides

The ganglioside biosynthetic pathway in mammals, enzymes involved and the structures of gangliosides are shown in Figure 1. The different transferases and the reactions they catalyze are shown in gray. Most ganglioside biosynthetic reactions take place in the lumen of the Golgi apparatus [4] and gangliosides are later transported to other compartments of the cell, by default to the plasma membrane where they are located predominantly in the outer leaflet of the lipid bilayer with their charged sialic acids protruding into the extracellular space [4]. The distinctive feature of ganglioside biosynthesis is participation of certain enzymes in several related reactions as shown by vertical rows in Figure 1: N-acetylgalactosaminyl transferase, galactosyltransferase II, sialyltransferase 4, and sialyltransferase 5 each participate in the synthesis of several gangliosides from four different series (0-, a-, b-, and c-pathways). This allows the cell to potentially produce a great variety of gangliosides using a limited number of enzymes. In reality, any given tissue or cell line does not produce all possible gangliosides, but rather only a limited set, thereby establishing a complement of gangliosides specific to each cell and tissue type. For instance, GM1, GD1a, GD1b, GT1b, and GQ1b are major types of gangliosides found in the brain. Most cell types contain only a- and b-series gangliosides. Gangliosides from these major biosynthetic pathways (together with c-series) are often called ganglio-series gangliosides and all of them derive from ganglioside GM3 (Fig. 1). As one can see in Figure 1, disruption of GM3 synthase would eliminate all major gangliosides from the cell. 


[image: image107.jpg]o - -
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On the other hand, GM4 and gangliosides of 0-series and c-series are normally absent in most mammalian tissues or only barely detectable [4]. This is especially true for uncommon gangliosides shown in Figure 1 on the left as derivatives of neutral glycolipids of globo-, lacto-, and muco- series. These uncommon gangliosides such as disialosyl galactosyl globoside, DSGG, and G8, (but not their neutral precursors), have only been detected in a limited number of cells and tissues such as erythrocytes, urinary tract, and some tumor cell lines such as renal carcinoma and colon adenocarcinoma [5, 6]. The distribution of gangliosides from the major and minor series in various tissues is summarized in Table 1. 

Table 1. Distribution of uncommon gangliosides in various mammalian tissues. 

	
	0-series
	GM4
	Globo-, isoglobo-, lacto-, neolacto-, and muco-series

	Fibroblasts


	No [7-9]
	No [7-10]
	No [9]

	Cerebellum
	Yes [11-14], including humans [11]
	Yes, in myelin [10], astrocytes

[10, 14]

	Not in humans [5], also absent in lung, liver, spleen, gastrointestinal tract, ibid.

	Leucocytes
	Yes [15-18], but not in humans
	No [10, 17]
	Not in normal human [19]

	Plasma


	No [20, 21]
	No [20, 21]
	Neolacto-series [20]

	Other tissues
	No in adult [4, 22], except mammary gland at lactation [23]. Absent in muscle, adipose tissue [24]

	No, except myelin [10, 25, 26]. Also rat kidney [27], shark liver [28]
	human kidney, [6, 29]; human vaginal epithelium [30]
Erythrocytes [31], human placenta,  human colon adenocarcinoma [5]; Leukemic myeloblasts [19, 32]

	Upregulated in GM3 KO mice?
	Yes, at least where present normally: brain, leukocytes [24, 33]. Also in fibroblasts [unpublished]
	No, at least where normally absent [24]
	Not detected in the brain, muscle and adipose tissue [24, 34]  

	KO mouse phenotype
	Male infertility, neurological disorders, [33, 35, 36] when combined with GM3S KO – not viable [34]
	Tremor, ataxia, impaired conductance [37]
	Globo-series KO mouse is viable [38]; for other series, KO mice are not available


Note: Some data are not available for all species of mammals, all tissues and/or all species of gangliosides. Only minor (uncommon) gangliosides are presented in the table because major gangliosides (ganglio-series), which include ganglioside GM3 and its derivatives, are present in virtually all tissues of mammals in some combination unique for each cell type 


[7, 12, 14, 15, 20-22, 39-44] ADDIN EN.CITE . GM3 synthase knockout mice lack all major gangliosides (a-, b-, and c-series) [20, 24], as do people with GM3 synthase deficiency [20]; humans lacking GM3 synthase have a more severe phenotype then mice deficient in GM3 synthase [20].
Most well-studied gangliosides are in the ganglio-group located to the right and below lactosylceramide (LacCer) in Figure 1, namely the 0-, a-, b-, and c-series (strictly speaking, ganglio-core is fully formed only to the right of galactosyltransferase II). Figure 2 shows the structure of other glycolipids derived from LacCer, namely the globo-, lacto-, neolacto-, isoglobo-, and muco-series glycosphingolipids. While most of them are neutral glycosphingolipids, such as globosides Gb3, Gb4, and Gb5, in rare cases, neutral glycosphingolipids can give rise to gangliosides (negatively charged), when one or more residues of sialic acid are added to these neutral species. The structures of some of these uncommon gangliosides [5] are shown in Figure 3. 

Since most mouse and human tissues are expected to have only gangliosides from the a- and b-series (Fig. 1, Table 1), and because available studies on ganglioside content of fibroblasts indicate that this is the case [7, 8], it is expected that a GM3 synthase gene knockout will eliminate most if not all gangliosides from fibroblasts or fibroblast cell lines. This would make for a suitable cellular model for studying the role of gangliosides in cell signaling.

Figure 2. Additional glycolipid pathways that are derived from lactosylceramide (picture from [4], with permission). Some of the non-ganglio series glycolipids can give rise to rare gangliosides upon addition of a sialic acid residue(s). Ganglio-series are shown in Fig. 1 as all gangliosides derived from GM3. Globo-, lacto-, neolacto-, isoglobo-, and muco-series of gangliosides are shown on the left side of Fig. 1.


[image: image2]

[image: image8.png]-_~




[image: image9.wmf]DAOY cell clones

Untransfected

Sham

Sense

Antisense

Ganglioside content, nmol LBSA per 10

8

 cells

0

50

100

150

200



Section II. Functions of gangliosides

Insights from GM3 synthase deficient mice and other murine models with enzyme deficiencies in ganglioside synthesis
Recent advances in mouse genetics have shed light on the functions of gangliosides collectively and in some cases individually [4, 34]. For example, elimination of complex gangliosides (shown downstream of enzyme GalNAc T in Figure 1) in knockout mice has been shown to result in normal development and nearly normal phenotype [36, 45], suggesting that complex gangliosides  can be substituted with simple gangliosides GM3 and GD3 in tissues and cells [4, 36]. However, as these GalNAc-transferase knockout mice aged, some problems with spermatogenesis and neuronal conductance became evident [36], pointing to an important role of complex gangliosides in the maintenance and normal functioning of certain tissues, but not necessarily in development.


Mice in which GD3 synthase gene has been disrupted (Siat2 in Fig. 1) lack b- and c-series gangliosides, but appear normal and have a normal lifespan [46]. The only minor problem in these mice is impaired regeneration of the hypoglossal nerve after lesioning [46]. This suggests that b-series gangliosides are dispensable for normal development and function of most tissues and their function is most likely interchangeable with that of other gangliosides present in these mutant mice (a-series most notably).


A gene knockout of all gangliosides from a-, b-, and c-series in mice has been reported recently [24], namely a GM3 synthase knockout. These mice, surprisingly, appear completely viable and have a normal lifespan, but show increased insulin sensitivity. From Figure 1, one can see that these GM3 synthase knockout mice could theoretically produce complex 0-series gangliosides GM1b, GD1c and GD1-alpha, which could hypothetically substitute for the function of other complex gangliosides. As discussed later in RESULTS, we have shown that these mice indeed have upregulation of the 0-pathway in tissues that normally do not express 0-pathway gangliosides.


Gene knockout of both enzymes GM3 synthase and GalNAc-transferase (GalNAcT in Fig. 1, N-acetylgalactosaminyl transferase, also known as GM2 synthase) has produced mice that lack virtually all ganglio-type gangliosides (Fig. 1) including 0-series, and these mice do not develop a normal central nervous system and die shortly after birth [34]. Histological examination of the CNS has demonstrated vacuolar pathology in the white matter tracts of these mice, with widespread axonal degeneration and abnormal axon-glia interactions. These results suggest that gangliosides are crucial for the development and normal functioning of the CNS. It should be noted, however, that these GM3S-/-, GM2S-/- double knockout mice have about 100-fold elevation of lactosylceramide (LacCer in Fig. 1) in the white matter of their CNS [33, 34], which could also contribute to the phenotype, complicating the conclusions about the functions of gangliosides. It is known for example that LacCer is a pro-apoptotic agent and can modulate several signaling pathways [47].


Another fundamental finding in the field has been the discovery of GM3 synthase deficient individuals among some Amish families [20]. Since 0-series gangliosides and GM4 are only present in certain brain tissues of humans (Table 1), the homozygous nonsense mutation in GM3 synthase (Fig. 1) would be expected to result in total absence of gangliosides in most tissues of affected people (although we show in this work that, in mice, there is an upregulation of 0-series gangliosides in tissues where these gangliosides are not normally found such as fibroblasts). Homozygous children suffer from severe neurological disorders, such as epilepsy and impaired motor functions, and blindness as well as early death. It was determined that these patients have no ganglio-series gangliosides (they are downstream of GM3 in Fig. 1) in their plasma as expected, but they do have a low (unchanged) level of neolacto-series gangliosides in their plasma [20] (shown in Figure 1 on the left side). The level of lactosylceramide, which is the substrate of GM3 synthase and precursor of ganglioside GM3, was approximately 2.2 times higher in the patients’ plasma compared to controls [20]. As shown later in the RESULTS section, we determined the ganglioside content of skin fibroblasts kindly provided to us by the patient families and their physician. In the fibroblasts from the affected individuals, there were virtually no detectable gangliosides (of either ganglio- or any other series). Preliminary data also indicate that there is an increased level of lactosylceramide in the skin fibroblasts from GM3 synthase -/- patients (not discussed in this work).


It should be noted that the phenotype is much less severe in mice deficient in GM3 synthase [24] compared to humans. These mice have a normal lifespan and no apparent abnormalities, except for increased insulin sensitivity [24]. This suggests that either gangliosides perform different functions in mice compared to humans, or that generally uncommon gangliosides such as GM4, 0-series and non-ganglio series (Fig. 1), more prevalent in mice than in humans, can perform functions similar to those of major gangliosides. As described later in the RESULTS section, we found that GM3 synthase 

knockout mouse fibroblasts contain alternative 0-series gangliosides, while human fibroblasts with a similar mutation have almost no detectable gangliosides. This observation could account for the less severe phenotype in GM3 synthase deficient mice compared to GM3 synthase deficient humans. It also suggests that the alternative non-ganglio-series gangliosides are more common in mice than in humans.  We chose the mouse GM3 synthase knockout model originally because existing literature suggests that mouse fibroblasts only contain a- and b-pathway gangliosides [7, 8] and also that muscle and adipose cells from GM3 synthase deficient mice do not contain gangliosides [24]. Our data indicate, however, that gangliosides from the 0-series can compensate for the loss of a- and b- series gangliosides in the GM3 deficient mouse model.

Insights from in vitro studies

In general, different gangliosides have been reported to play a role in either proliferation or differentiation of various cells, depending on the cell type, and the majority of publications deal with the addition of exogenous ganglioside(s) to cell culture, as outlined below. For example, it was shown that gangliosides can induce proliferation of human fibroblasts [7] and neural progenitor cells [48], while they can inhibit proliferation of human bone marrow mononuclear cells [49] and can induce differentiation of human keratinocytes [50]. Interestingly, gangliosides can also affect cell adhesion, as ganglioside GT1b has been shown to inhibit adhesion and migration of human keratinocytes [51]. Gangliosides have been shown to regulate the function of several immune cell types [52-54]. For example, gangliosides increased phagocytic activity of a human polymorphonuclear leukocyte cell line [55]. Ganglioside GM3 induced iNOS expression in murine peritoneal macrophages [56], and ganglioside GM1 enhanced production of interleukin-1 from reactive astrocytes [57]. It was also shown recently that GD1a can enhance proliferation and migration of human endothelial cells in response to VEGF [58, 59]. With respect to studies of changes in endogenous gangliosides, they largely deal with differentiation, tumorigenesis (discussed in a separate chapter below) and apoptosis. For example, changes in the cellular ganglioside pattern have been correlated with the differentiation status of the cells, but a clear causal relationship between ganglioside content and differentiation state of the cell has not been proven in these studies [60-63]. In addition, ganglioside GD3 has been shown recently to be a direct participant in apoptosis by being transported to mitochondria, incorporating into the outer mitochondrial membrane and initiating membrane destabilization and cytochrome C release [64, 65], although the exact mechanism of mitochondrial membrane destabilization is not known [66].

Recent studies have revealed a novel organization of GSLs and gangliosides in the cell membrane, with the majority of them  being clustered in glycosphingolipid-enriched microdomains (GEM) and associated closely with single or multiple signal transducer molecules [67, 68]. Examples of gangliosides associated with signaling molecules include the localization of GM3 with c-Src, Rho, FAK, and Ras in B16 melanoma cells and the association of GD3 with Lyn in the rat brain membranal fraction and rat cerebellum [69]. Such structural units consisting of GM3, c-Src, and Rho can be separated from caveolin-containing units (caveolae), and were recently termed the "GSL signaling domain" [70]. It is generally believed that lipid rafts are very closely related if not the same as detergent-insoluble membrane fractions (DIM), while GEMs are a subclass of DIMs and are distinct from another subclass of DIMs called caveolae [2, 70]. Although caveolae and glycolipid-enriched microdomains can sometimes overlap in their components, generally they are separate entities and perform different sets of functions: caveolae are responsible for endocytosis and signal transduction, while GEMs are involved in cell adhesion and signal transduction [67]. It is believed that cholesterol is a major and indispensable component of caveolae, whereas this is not the case for GEMs [68, 70].  
Experiments directed at determining the function of gangliosides in vitro have employed these basic approaches: addition of exogenous gangliosides to cell culture [48, 50]; inhibition of ganglioside biosynthesis using chemical inhibitors [7] or sialidases [71]; inhibition of ganglioside synthetic enzymes using siRNA [72] and antisense [73, 74]; cell variants that lack certain gangliosides [75]; and upregulation of specific gangliosides by transfecting cells with cDNA of various ganglioside-biosynthetic enzymes [76-78]. Each of these approaches has its advantages and disadvantages, which will be discussed later in this introductory section.

Involvement of gangliosides in cell signaling

Many in vitro studies of ganglioside function have lead to contradictory results. For instance, one group of investigators would show a ganglioside (or gangliosides collectively) to be inhibitory for a certain receptor, while another group could demonstrate the opposite, stimulatory effect, often in the same cell line. For example, one group of investigators [79] reported that incubation of Swiss 3T3 cells with gangliosides GM1 and GM3 resulted in inhibition of PDGF- and EGF-induced cell proliferation, while another group [7] reported a stimulatory effect of gangliosides GD1a and GM3 on PDGF- and EGF-induced proliferation of Swiss 3T3 cells. In this case, the discrepancy between the results of the two groups appears to have been due to a difference in experimental design, namely, the way the cells were treated with gangliosides. The former group was incubating the cells continuously with a relatively high concentration of gangliosides (50 (M), while the latter group of investigators used both preincubation and continuous incubation with relatively low concentrations of gangliosides (10-20 (M). Other examples of studies that lead to opposite conclusions regarding the role of gangliosides in cell signaling through various signaling molecules are shown in Table 2. The word “Negative” in the table means that the effect of treatment with a ganglioside was inhibitory for the signaling molecule in question, or, alternatively, that removal of the ganglioside from the cell (or its downregulation) resulted in enhanced activity of the signaling molecule. The word “Positive” in the table means that the effect of treatment with a ganglioside was stimulatory for the activity of the signaling molecule, or, alternatively, that removal of the ganglioside from the cell (or its downregulation) resulted in decreased activity of a signaling molecule. 

Table 2. Contradictory data on the effects of gangliosides on various signaling molecules reported by different laboratories. 
	Signaling molecule
	Ganglioside
	Modulation effect by ganglioside and references
	Cell types used

	EGFR
	GM1
	Negative: [80-83]
Positive: [84, 85]
	human epidermoid carcinoma cells KB (oral) and A431 (ovarian) [80], human neuroblastoma SH-SY5Y [81], human skin fibroblasts [82], CHO cells [83], rat gastric mucosal cells [84], hrEGFR in a cell-free assay [85]

	
	GM2
	Negative: [83]
	CHO cells [83]

	
	GM3
	Negative: [79, 80, 85-88]
Positive: [7]
	human epidermoid carcinoma cells KB (oral) and A431(ovarian) [80], Swiss 3T3 cells [79], hrEGFR in a cell-free assay [85], squamous carcinoma cells [86], keratinocyte-derived SCC12 cells [87], human epidermoid carcinoma cells A431 (ovarian) and KB (oral) [88], Swiss 3T3 cells and NHDF [7]

	
	GD3
	Negative: [89]
Positive: [85]
	CHO K1 cells [89], hrEGFR in a cell-free assay

[85]

	
	GD1a
	Positive: [1, 7, 8, 85]
	Swiss 3T3 cells and NHDF [7], NHDF [8], NHDF [1], hrEGFR in a cell-free assay [85]

	
	GT1b
	Positive: [85]
	hrEGFR in a cell-free assay [85]

	
	Many collectively
	Positive: [7]
	Swiss 3T3 cells and NHDF [7]

	
	
	
	

	VEGFR
	GD1a, GM1, GD3
	Positive: [59]
	HUVEC [59]

	
	
	
	

	PDGFR
	GM1
	Negative: [79, 81, 90-96]
Positive: [84]
	Swiss 3T3 cells [79] human glioma U-1242MG cells and Swiss 3T3 cells [90], human neuroblastoma SH-SY5Y cells [81], human glioma U-1242MG cells [91], Swiss 3T3 cells [92], human neuroblastoma SH-SY5Y cells [93], human glioma U-1242MG cells [94], Swiss 3T3 cells [95], rat aortic VSMC [96], rat gastric mucosal cells [84]

	
	GM2
	Negative: [90, 92-94, 96]
	human glioma U-1242MG cells and Swiss 3T3 cells [90], Swiss 3T3 cells [92], human glioma U-1242MG cells [94], human neuroblastoma SH-SY5Y cells [93], rat aortic VSMC [96]

	
	GM3
	Negative: [79, 92, 96]
	Swiss 3T3 cells [79], Swiss 3T3 cells [92], rat aortic VSMC [96]

	
	GD1a
	Negative: [90, 92-94]
Positive: [7]
	human glioma U-1242MG cells and Swiss 3T3 cells [90], Swiss 3T3 cells [92], human glioma U-1242MG cells [94], human neuroblastoma SH-SY5Y cells [93], Swiss 3T3 cells and NHDF [7]

	
	GD3
	Negative: [90]
	human glioma U-1242MG cells and Swiss 3T3 cells [90]

	
	GT1b
	Negative: [90, 92-94]
	human glioma U-1242MG cells and Swiss 3T3 cells [90], Swiss 3T3 cells [92], human glioma U-1242MG cells [94], human neuroblastoma SH-SY5Y cells [93]

	
	Many collectively
	Positive: [7]
	Swiss 3T3 cells and NHDF [7]

	
	
	
	

	FGFR
	GM1
	Negative: [97, 98]
Positive: [99-101]
	Fetal bovine aortic endothelial GM 7373 cells [97], bovine aortic endothelial cells [98], Fetal bovine aortic endothelial GM 7373 cells and CHO cells [99], rat nigral nerve cells [100], rat retinal Muller glial cells [101]

	
	GM2
	Negative: [98]
	bovine aortic endothelial cells [98]

	
	GM3
	Negative: [102-104]
Positive: [98]
	rat retinal Muller glial cells [102], rat retinal neuronal and rat retinal Muller glial cells [103], hamster fibroblasts [104],

bovine aortic endothelial cells [98]

	
	GD1b
	Negative: [97]
	Fetal bovine aortic endothelial GM 7373 cells [97]

	
	GT1b
	Negative: [97]
	Fetal bovine aortic endothelial GM 7373 cells [97]

	
	
	
	

	Insulin receptor
	GM1
	Negative: [81]
	human neuroblastoma SH-SY5Y [81]

	
	GM3
	Negative: [24, 105, 106]
	mouse skeletal muscle cells [24], mouse 3T3-L1 adipocytes [105], rat and mouse adipocytes [106]

	
	Neolacto-series
	Negative: [107]
	human lymphoid IM9, promyelocytic leukemia HL-60, and erythroleukemia K562 cell lines [107]

	
	Many collectively
	Negative: [24]
	mouse skeletal muscle cells [24]

	
	
	
	

	Src
	GD1a
	Positive: [8]
	NHDF [8]

	
	Many collectively
	Positive: [108]
Negative: [109]
	mouse F9 embryonal carcinoma cells [108], Human keratinocyte-derived SCC12F2 cells [109]

	
	
	
	

	Toll-like receptor 5
	GD1a
	Positive: [110]
Negative: [111]
	human colorectal carcinoma Caco-2 cells and CHO cells [110], mouse macrophage RAW 264.7 cells [111]

	
	GM1, GT1b
	Negative: [111]
	mouse macrophage RAW 264.7 cells [111]

	
	
	
	

	IL-4, IL-2
	GD1a, GD1b, GT1b
	Negative: [112-114]
	mouse T lymphocyte HT-2 cells [112], mouse T lymphocyte CTLL-2 and HT-2 cells [113], human T lymphocytes [114]

	
	
	
	

	Neurotrophin receptors (Trk)
	GQ1b
	Positive: [115]
	human neuroblastoma GOTO and NB-1 cells [115]

	
	GM1
	Positive: [116-118]
	rat brain slices [116], rat neuronal PC12 cells [117] [118]

	
	GD1a
	Negative: [119]
	rat cerebellar granule neurons [119]

	
	GT1b
	Negative: [119, 120]
	rat cerebellar granule neurons [119], mouse adult dorsal root ganglion neurons and mouse postnatal cerebellar neurons [120]

	
	
	
	

	CD95/Fas
	GM1, GM3
	Positive: [121]
	human lymphoblastoid CEM cells [121]

	
	
	
	

	Ca2+ influx channels
	GM1
	Positive: [122-124]
	Mouse neuroblastoma Neuro-2a, N18, and NG108-15 cells [122], mouse neurblastoma Neuro-2A cells [123], mouse Neuro-2A and rat B104 and B50 neuroblastoma cells [124]

	
	GD1a
	Positive: [125]
	rat neurons [125]

	
	
	
	

	Integrins
	GM3
	Negative: [71, 86, 126, 127]
Positive: [77]
	human embryonal WI38 fibroblasts [126], human squamous carcinoma cells [127] [86], human keratinocyte-derived SCC12 cells [71],

mouse fibroblast C3H 10T1/2 cells and chicken fibroblast DF1 cells [77]

	
	GT1b
	Negative: [71, 127, 128]
	human squamous carcinoma cells [127], human keratinocyte-derived SCC12 cells [71, 128]

	
	
	
	

	Protein tyrosine phosphatases
	GM3, GM1
	Positive: [129, 130]
	human epidermoid ovarian carcinoma A431 cells  [129], human T lymphocytes [130]


Note: Usually, the most common ligand has been used for each signaling molecule shown in the first column (for example, EGF was used in EGFR studies, although there are other, less common ligands of EGFR). As shown in the table, different investigators often report conflicting results when they study the influence of the same ganglioside on the function of the same signaling molecule or the same class of molecules (such as receptor tyrosine kinases or a signaling pathway).

In most cases listed in the table, the discrepancies observed among published reports could be attributed to either a difference in experimental design or the use of a different cell type. As one can see in Table 2, gangliosides have been shown to affect almost all known types of signaling molecules, from receptor tyrosine kinases to ion channels, to cytokine receptors, to integrins and phosphatases. Intriguingly, they have even been shown to be involved in CD95/Fas signaling, possibly providing a link to their immunosuppressive function in cancer patients [131]. Some effects of gangliosides on signaling molecules were not included in Table 2, for example the data on PKA, PKC, and PLC, because it is not clear from the reported data whether these proteins are activated by gangliosides directly or via other signaling proteins such as receptor tyrosine kinases or even G-protein coupled receptors.

The apparent discrepancy between the results of studies (Table 2) that deal with the same ganglioside and the same signaling molecule (or the same class of signaling molecules such as receptor tyrosine kinases) can be attributed to the following factors: 

1) Use of non-physiological (higher than normal) concentrations of gangliosides by some workers, which could produce an effect that is opposite to the effect of physiological concentrations [7, 79]. 

2) Addition of exogenous gangliosides to cell culture can theoretically have a different effect from upregulation of the synthesis of endogenous gangliosides. 

3) The mode of addition of exogenous gangliosides to cells can significantly affect the outcome; for example, continuous incubation with a relatively high concentration of gangliosides during a cell signaling experiment can produce an inhibitory effect on EGFR [79, 81], while preincubation with gangliosides as well as incubation with a relatively low concentration of gangliosides can stimulate EGFR signaling [7, 8]. 

4) Use of chemical inhibitors of glucosylceramide synthesis such as PPPP (inhibits GlcCer synthesis or GlcT in Fig. 1) can produce side effects unrelated to gangliosides, making results difficult to interpret. For example, as one can see in Figure 1, disruption of glucosylceramide synthase (GlcT at the top) will disrupt the synthesis of such neutral glycolipids as glucosylceramide, lactosylceramide, and numerous neutral glycolipids from the globo-, lacto-, neolacto-, isoglobo-, and muco-series. These non-gangliosides have distinct cellular functions (Table 3), which will be disrupted by PPPP. Using EGF receptor studies as an example, we know that elimination of neutral glycosphingolipids from the cell (together with gangliosides) results in significant inhibition of EGF receptor activity [7]. At the same time, specific depletion of cellular gangliosides only (without affecting neutral glycosphingolipids) in human fibroblasts (GM3S -/-) had no detectable effect on EGF receptor activity, as described in the RESULTS section. This suggests that some neutral glycosphingolipid(s) play a significant role in EGF receptor signaling, however the functions of neutral glycosphingolipids reported in the literature (some of them are shown in Table 3) do not include participation in EGF receptor signaling at the time of this report. 

Table 3. Known functions of major neutral glycosphingolipids [132, 133] that are downstream of glucosylceramide synthase in the biosynthetic pathway (Fig. 1). 

	Neutral glycosphingolipid


	Occurs in tissues
	Known functions

	Glucosylceramide

(GlcCer)
	ubiquitous [134]
	anticoagulant cofactor [135], modulation of ryanodine receptors [136], membrane traffic [137]; KO in mice is embryonic lethal [138]; 

	Lactosylceramide

(LacCer)
	ubiquitous [47]
	PKC-( and PKC-( signaling [47], apoptosis [139], superoxide generation [140]; KO mouse is not yet available; 

	Globotriaosylceramide
	ubiquitous [141]
	Verotoxin receptor [142], component of lipoproteins [143]; KO mice and deficient humans have no significant pathologies [38, 132];

	Asialo-GM2

(GA2)
	Brain tissues, lungs, plasma [144, 145]
	Alveolar integrity (binds surfactant proteins) [145]; KO mice appear normal [45];

	Asialo-GM1

(GA1)
	Immune cells [146], lungs [145]
	Receptor for Pseudomonas aeruginosa [147]; Mice lacking GA1 (and GA2) appear normal [45];

	Lactotriaosylceramide
	Brain [148], plasma [20]
	Function is not known [132]; KO mice are not yet available; the synthase gene was identified only recently [149]


Note: All molecules shown below lactosylceramide are derived from lactosylceramide either directly or indirectly (GA1). Abbreviations for compounds shown in Figure 1 are indicated in parentheses in the table. The last three compounds shown (GA2, GA1, and Lc3Cer) are not major glycosphingolipids, strictly speaking. They are not present in all tissues and have not been well studied. Even less information is available on all other neutral glycosphingolipids, which are not shown in the table [4, 22, 132, 133].

Some of the neutral glycosphingolipids (lactosylceramide) have been implicated in unrelated cell signaling processes; however, this does not necessarily mean that these glycolipids are more likely candidates to be important players in EGF receptor signaling than other neutral glycosphingolipids.  

Due to these problems, one of our specific aims was the development of a “pure” model where only the synthesis of gangliosides would be disrupted and all other glycolipids would be left intact.

As for the mechanisms underlying the effects of gangliosides on surface receptor signaling, most evidence is circumstantial at this point [150]. Very broadly, the proposed mechanisms can be classified as a) modulation of ligand-receptor interactions; b) change in membrane localization of a signaling protein; c) gangliosides themselves serving as ligands or receptors. The mechanisms of ganglioside action on cell signaling are summarized in Table 4.

Table 4. Hypothetical mechanisms of ganglioside action on cell signaling molecules. 

	Proposed mechanism of ganglioside action
	Related mechanisms
	Examples and references

	Competitive inhibition of ligand-receptor binding
	Gangliosides serving as co-receptors and facilitating ligand–receptor binding
	Fibroblast growth factor 2 [99], interleukin-4 [112], alpha3beta1 and alpha5beta1 integrins   [126]

	Change in conformation of a receptor due to binding of a ganglioside
	Could be lateral interaction within the lipid bilayer or it could be a binding to an extramembrane moiety of the receptor
	EGF receptor [8, 85], SRC kinase [8], receptor tyrosine kinases [151]

	
	Modulation of dimerization of tyrosine kinases
	EGF receptor [1], PDGF receptor  [94]

	
	Ganglioside binding changes the downstream pathway activated by a receptor due to change in the duration and/or strength of the signal (a.k.a. threshold theory)
	Growth factor receptors [150], insulin receptor and PDGF receptor [81], EGF receptor [86]

	Change in membrane microdomain localization of a signaling protein and its association with other signaling molecules (PDGF receptor [95])
	Activation of or colocalization with a protein phosphatase (inactivation of a receptor)
	Transmembrane protein tyrosine phosphatase sigma and EGF receptor interaction [129]

	
	Change in the rate of internalization (recycling) of a surface receptor
	Caveolin-1 redistribution and EGF receptor [87]

	Gangliosides serving as cell 

surface receptors
	GM1 binding cholera toxin B subunit [152-154], sialylparagloboside as receptor for H. pylori [155]


In addition to their more conventional functions, gangliosides can also be used by some microorganisms as cell-attachment receptors. For example, Helicobacter pylori, a human pathogen involved in gastric cancer and duodenal ulcers, has been shown to bind to uncommon gangliosides of globo-series [155, 156]. Also, some viruses, such as influenza virus A and Sendai virus, have been shown to use ganglio-series gangliosides as receptors [157-159].


The functions of gangliosides discussed above are summarized in Table 5.

Table 5. Functions that have been attributed to gangliosides in the literature [4, 33, 132]. 

	Ganglioside(s)
	Functions and references

	All ganglio-series gangliosides (0-, a-, b-, and c-series in Fig. 1)
	Normal CNS development and function [20, 34]

	Complex gangliosides (downstream of GalNAcT enzyme in Fig. 1)
	Neural conductance, axon and myelin integrity, spermatogenesis [36, 45]; dispensable for normal development (but not function) of CNS in KO mice [36, 45]

	a-series gangliosides
	Dispensable or can be substituted with other gangliosides (0-series, for example) without affecting viability of mice significantly [24]

	b-series gangliosides
	Dispensable or can be substituted with other gangliosides (a-series, for example) without affecting viability of mice [35]

	GD3
	Destabilization of mitochondrial outer membrane and apoptosis [64, 65]

	GM1, GD1a
	Enhancement of growth factor signaling [8, 58]

	GM3
	Inhibition of growth factor signaling [79, 80, 85-88]

	GM1, GD1a
	Immunosuppressive, inhibit the function of antigen-presenting cells [52, 53]

	GT1b
	Induction of differentiation in keratinocytes [50]

	GT1b
	Inhibits adhesion and migration of keratinocytes [51]

	GM1
	Serves as co-receptor for FGF-2 [99]

	GM1
	Serves as receptor for cholera toxin [79, 80, 85-88]

	Many collectively
	Organization of signaling molecules in lipid rafts  [67, 68, 95]; receptors for viruses [157-159]


Note: There appears to be significant redundancy among gangliosides in that different gangliosides can substitute for each other’s function without significantly affecting viability of mutant mice [4, 132].

Gangliosides and tumor progression 

As was mentioned before, tumors of neuroectodermal origin such as medulloblastoma, melanoma and neuroblastoma shed substantial amounts of gangliosides into the tumor microenvironment [25, 160] and have an abnormal ganglioside composition [161-164]. Also, a murine lymphoma cell line with low ganglioside content, normally poorly tumorigenic, greatly increased tumorigenic potential in vivo after gangliosides from a highly tumorigenic cell line were added to it in vitro [165]. The authors [165] hypothesized that the experiment simulated the process of shedding of gangliosides by an aggressive tumor, and that the tumorigenic potential of a cell line depends at least in part on the amount and nature of shed gangliosides. In keeping with this hypothesis, a recent study in our laboratory has shown that pharmacological inhibition of total ganglioside level in tumor cells significantly reduced their tumorigenicity [166]. Several explanations for the tumorigenic properties of tumor cell gangliosides have been offered in the literature. It was demonstrated that tumor-shed gangliosides have immunosuppressive properties, whereby tumor cells that have abnormal ganglioside composition and that shed these gangliosides would suppress the host immune system thus promoting tumor development and progression [52, 54, 167]. Another possible explanation is the idea that the ganglioside pattern of the cell can affect its differentiation and proliferation [49, 161]. For example, it was shown that neuroblastomas containing high amounts of complex b-series gangliosides (GD1b, GT1b, and GQ1b) were associated with more favorable clinical outcomes [161] and with a more differentiated status of the cells [63] compared to neuroblastomas that have low expression of  complex b-series gangliosides. Still another explanation for the tumorigenic properties of cancer cell gangliosides is the stimulatory effect of these gangliosides on tumor angiogenesis [58]. This dissertation, in particular, tests the hypothesis that gangliosides can stimulate growth factor signaling in stromal cells, which, if proven, could contribute to higher tumorigenic potential of cells that actively shed gangliosides into the microenvironment [25, 168, 169]. In summary, there are three main areas of investigation that deal with the tumorigenic properties of tumor cell gangliosides: a) the study of the effect of immunosuppression by tumor-shed gangliosides; b) the study of the effect of gangliosides on the differentiation status and proliferation of tumor cells; and c) investigation of the role of tumor-shed gangliosides in the growth of stromal (including vascular) cells.


In light of the biological properties of gangliosides, their relevance for tumor formation would depend on their access or transport to target cells. That is, these bioactive molecules would have to first be released by tumor cells in order to reach host cells. This phenomenon, known as ganglioside shedding, has been demonstrated for a number of tumors [170, 171].  One such example is human neuroblastoma, where shed gangliosides have been found both in vitro [169] and in the peripheral circulation of patients [172]. Tumor progression in these patients strongly correlated with shedding of gangliosides [173]. 

It has been reported that gangliosides can modulate cell signaling (Table 2) and thus they could hypothetically promote tumor growth and angiogenesis [7, 58]. One of the best-characterized angiogenic factors is VEGF (vascular endothelial growth factor), which is known to act on endothelial cells [174]. Many tumors have increased VEGF concentrations and increased numbers of VEGF receptors on endothelial cells in their microenvironment [174, 175]. While there are a number of reports showing that stimulation of tumor cell production of angiogenic factors can be caused by hypoxia [176, 177] and activation or stimulation of oncogenes [178, 179], gangliosides have also been reported to play a role in regulating the production of VEGF [74, 180]. The pro-angiogenic effect of gangliosides has been demonstrated in a recent report where gangliosides were shown to increase endothelial cell growth, survival, and motility induced by basic fibroblast growth factor [99]. The increased ganglioside synthesis was associated with VEGF upregulation by murine tumor cells and enhanced tumor angiogenesis [78]. Also recent data in our laboratory indicate that exogenous addition of ganglioside GD1a to cell culture can enhance VEGF-induced endothelial cell proliferation and migration and can stimulate VEGF receptor signaling [58, 59]. Since VEGF is one of the most important growth factors for endothelial cells [174], upregulation of VEGF signaling by exogenous gangliosides (e.g., tumor-shed gangliosides) will promote proliferation of endothelial cells and vascularization [174], although the precise mechanism of stimulation of VEGF receptor activity by gangliosides is not known at present. It is possible that this mechanism is similar to the proposed mechanisms of ganglioside action on other receptor tyrosine kinases, such as EGFR and PDGFR. For example, as was shown in Table 4, gangliosides could interact directly with the extracellular moiety of the receptor [85], or they could affect its dimerization [1, 94], or gangliosides could change membrane microdomain localization of the receptor and its association with other signaling molecules [87, 95, 129].

In addition to stimulation of mitogenic signaling and angiogenesis, there are other tumor-associated effects of gangliosides that have been reported in literature and include: a) the observation that gangliosides shed from tumor cells can act as immunosuppressors, suppressing the functions of cytotoxic T cells and dendritic cells [53]; b) the observation that gangliosides can modulate cell adhesion and motility and therefore be involved in tumor metastasis. A more detailed discussion of these phenomena can be found in [181].

As with signal transduction, there is some controversy as to whether cellular gangliosides collectively promote or inhibit tumorigenesis. One group of investigators supports the idea that gangliosides have immunosuppressive functions [53] and can induce T lymphocyte death [131], are overexpressed by some tumors, and can stimulate tumor angiogenesis and mitogenic signaling; therefore, it would appear that gangliosides serve to promote tumorigenesis [181]. Another piece of evidence in favor of this argument is that inhibition of all glycolipids, including gangliosides, in tumors results in decreased tumor formation in vivo [73, 182].

On the other hand, the opposing camp can point out that overexpression of GM3 ganglioside, which would increase the synthesis of other downstream gangliosides as well, can inhibit tumor formation [77, 183, 184]. It has also been shown recently that ganglioside GD3 is a strong pro-apoptotic agent [64], and gangliosides GM2 and GM3 can inhibit tumor growth [185, 186]. 

The two points of view above do not necessarily contradict each other if we assume that different gangliosides can have different effects on tumorigenesis. This idea is supported by the reports showing that there is a positive correlation between the amount of complex gangliosides of the b-series (Fig. 1) in neuroblastomas and favorable outcomes in patients [161]. Even though many gangliosides have interchangeable functions (Table 5), some gangliosides have been reported to have unique properties such as the pro-apoptotic activity of ganglioside GD3 [64, 65], or the inhibitory effect of ganglioside GM3 on growth factor receptor signaling [79, 80, 85-88] as opposed to the stimulatory effects of gangliosides GD1a and GM1 [8, 58]. Ganglioside GM3 also stands out because it has the simplest structure and it has been shown to have little or no inhibitory effect on antigen presenting cell functions [53] and Toll-like receptor activity (W. Shen and K. Stone, unpublished data), while other, more complex, gangliosides such as GD1a and GM1 do have inhibitory (immunosuppressive) effects under the same experimental conditions [53]. The ganglioside content of some tumor cells, such as mouse melanoma MEB4 cells, consists of ganglioside GM3 almost exclusively [182], while other tumors may have a ganglioside pattern that is rich in complex gangliosides [161]. If two different groups of investigators are using two different tumor cell models that contain gangliosides with mutually exclusive properties, this could potentially lead the two groups to different conclusions about the role of gangliosides in tumor cells.

Be that as it may, a “pure” model that specifically inhibits gangliosides only, such as a mouse GM3 synthase knockout, could potentially answer the question whether all cellular gangliosides collectively contribute to tumorigenesis or inhibit it. This kind of model has not been developed in tumor cells yet, and there is no chemical inhibitor of GM3 synthase at the time of this report, although mice that lack virtually all gangliosides (including 0-series) [34] and GM3 synthase-deficient patients [20] have been reported recently. These two findings could lead to the development of a ganglioside-less tumor model in the future and this would help to determine the role of gangliosides in tumorigenesis.

As we saw in Table 2, there are a number of cell signaling molecules and pathways that can be modulated by gangliosides. Thus, gangliosides could affect those signaling pathways in the cells within the tumor microenvironment, which includes both cancerous and normal stromal and immune cells. These signaling molecules include growth factor receptors such as EGFR, VEGFR, PDGFR, FGFR, neurotrophin receptors and insulin receptor, protein tyrosine phosphatases, and non-receptor kinases such as Src (Table 2), which collectively would be more relevant to the effects of gangliosides on stromal cells such as fibroblasts, glial and endothelial cells. Other signaling molecules that have been reported to be affected by gangliosides include IL-4, IL-2, CD95/Fas (Table 2), Toll-like receptors, and CD40 (W. Shen, unpublished data) in immune cells which usually infiltrate a tumor site [187]. Figure 4 (adapted from [2]) summarizes graphically various signaling pathways that can be affected by gangliosides in the cells within the tumor microenvironment. It should be noted that it is not known whether protein kinase A, protein kinase C and phospholipase C interact with gangliosides directly or are merely downstream events resulting from modulation by gangliosides of other signaling molecules such as tyrosine kinase receptors.

Figure 4. Signaling molecules that can be modulated by gangliosides in various cells within the tumor microenvironment (adapted from [2], with permission). The signaling molecules believed to be affected by gangliosides are marked with a red asterisk. See Table 4 for a description of mechanisms of action of gangliosides on these signaling molecules.
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Section III. Methods for inhibition of ganglioside synthesis

Antisense and siRNA

The first reports of successful downregulation of gene expression using endogenously expressed or synthetic RNA appeared around 1985 [188, 189]. This coincided with the discovery of the regulatory role of natural antisense RNAs in mobile elements and bacteria [190, 191]. The main mechanism of action of these natural RNAs in bacteria was believed to be a binding to the target mRNA and subsequent prevention of translation. Since then, a number of naturally occurring antisense RNAs to protein-coding genes in higher organisms including humans have been described [192-194]. The function of these RNAs, however, with respect to regulation of sense mRNA expression and processing, has yet to be identified. Among several potential mechanisms are the action of double-stranded adenosine deaminase; double-strand RNA binding and stabilizing protein factors; double-strand RNases [195]; and competitive inhibition at various stages of gene expression, such as RNA transcription, processing, transport, and translation [196]. Double-stranded RNA adenosine deaminase is believed to be a multi-enzyme complex that recognizes RNA duplexes and deaminates adenosines within such regions [197]. This results in a destabilization of RNA:RNA interactions such as those involved in splicing, RNA editing and translation, and ultimately leads to disruption of the expression of a gene in question [195]. In conjunction with this finding, several protein factors were described that can protect RNA duplexes from modification by double-stranded RNA adenosine deaminase, and thus can also be involved in the antisense mechanisms of gene expression regulation [198]. Until recently, little was known about double-stranded RNases in mammalian cells; in bacteria, one such well-characterized enzyme is RNase III [199]. With the explosion of data on RNA interference (RNAi) in mammalian cells [200-202], double-stranded RNase activity, such as RNase III-like human Dicer enzyme [203], was identified in the nucleus and cytoplasm of human cells. The mechanism of gene silencing through RNAi was studied in Drosophila cells in vitro, and appears to be mediated by a large multi-enzyme complex that is activated by short double-stranded RNA duplexes (21-25 bp) and is recruited to the mRNA of the matching sequence, which results in its cleavage and degradation [200, 204, 205]. There are no data suggesting that antisense RNA expressed endogenously can trigger the RNAi mechanism. However, it can be hypothesized that formation of extended duplex regions involving the antisense and target RNA could touch off cleavage by dicer, resulting in small interfering RNAs and the recruitment of RNA-induced silencing complex (RISC).

Much of the effort involved in targeting various stages of RNA processing through non-cleaving mechanisms involved synthetic oligodeoxy- and oligoribonucleotides as opposed to introduction of transgenes expressing antisense mRNA [196]. These experiments with antisense oligonucleotides revealed that antisense downregulation of a target mRNA level can involve inhibition of capping, splicing, polyadenylation, export from the nucleus (only indirectly via the previous three mechanisms), and various stages of translation [196]. The relevance of the above RNAi mechanism to the inhibitory mechanism(s) of antisense RNAs of substantial length (100 to 800 nucleotides) that has been artificially expressed in the cell has yet to be established. 

Despite widespread use, the actual mechanism involved in antisense inhibition following transfection of cells with antisense transgenes encoding mRNA, which is complementary to portions of sense mRNA, remains unclear [200, 206, 207]. What little is known, suggests that in cases of successful application of this approach, up to 95% of the sense mRNA can be bound to the antisense RNA in the nucleus, and the total amount of the target mRNA is significantly reduced [208]. Some data suggest that for successful downregulation of the target gene expression, a 10 to 50-fold excess of antisense RNA over sense mRNA may be required [209, 210]. Total length antisense cDNA was shown to be ineffective [211], and generally a shorter (100 – 500 bp) region within the target mature mRNA has to be found (using the trial-and-error approach) that would lead to successful antisense downregulation of the gene of interest [207]. Some investigators have previously reported successful downregulation of genes using antisense constructs targeting splice junctions of a primary transcript, possibly via prevention of the nuclear export of the unprocessed RNA [196]. 

The drawback of the siRNA and antisense approaches is that they can result in random mutations due to insertional mutagenesis. It may also be difficult to achieve permanent inhibition, while it is relatively easy to achieve significant inhibition for a short period of time, up to 72 hours.

Chemical inhibitors

At this point, no chemical inhibitor of GM3 synthase exists. Inhibitors of glucosylceramide synthase, such as PPPP (D-l-threo-1-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol-HCl), also disrupt the production of many glycolipids other than gangliosides, such as lactosylceramide, and glycolipids of the globo- and lacto-series (Figs. 1 and 2). Lactosylceramide, glucosylceramide, globotriaosylceramide and other neutral glycolipids serve certain functions in the cell (Table 3) and these functions can be mistaken for those of gangliosides if broad chemical inhibitors of glycosphingolipid biosynthesis are used without additional controls and inhibitory approaches. While ganglioside “add-back” controls [7] could compensate to some extent for the low specificity of the existing chemical inhibitors, more conclusive data on the function of gangliosides would be obtained with a specific inhibitor of GM3 synthase, which currently doesn’t exist. Even when a specific inhibitor is available, proper controls (including but not limited to ganglioside “add-back” experiments) would be needed to minimize the influence of possible side effects on the conclusions [212].

 Transfection with sialidases

This can be a viable approach [71] but one has to keep in mind that many sialidases can  desialylate glycoproteins in addition to gangliosides, which would require devising additional controls. Another drawback of this method is that it will lead to a certain amount of random insertions in the genome of transfected cells [213], which also has to be compensated for by additional controls and inclusion of a number of different experimental clones.

 Gene knockout methods

These methods are based on homologous recombination and involve significant amount of labor and time and, if successful, can provide the best model for determining a function of a molecule in question, in this case gangliosides. In addition to the traditional gene knockout method developed by Capecchi M.R. et al. back in the 1980s, there are two recent developments: gene correction or mutation using zinc-finger nucleases [214] and also gene targeting using recombinant adeno-associated viruses [215]. Gene targeting using homologous recombination is usually a time-consuming and labor-intensive task [216] that also involves a high risk of failure, especially when the project involves somatic cells [217]. Usually a targeting construct of promoterless or positive-negative selection type [217] is prepared first, which then is transfected into mouse embryonic (or sometimes somatic) cells. The transfectants are selected based on the marker gene included in the gene targeting construct and then they are screened by PCR and Southern blot for homologous recombination events. Both copies of the gene of interest usually have to be inactivated this way in somatic cells. In the present work, we attempted to inactivate GM3 synthase gene in human colon adenocarcinoma HCT 116 cells using homologous recombination, but the project was not successful, although we developed a useful method for construction of long DNA molecules along the way [218, 224].

Recent developments

In our lab, we recently used broad chemical inhibitors of glycosphingolipid biosynthesis, such as OGT and PPPP, in laboratory animals and these compounds inhibited tumor development in immunodeficient mice injected with neuroblastoma cells. Those results suggested that the immunosuppressive function of gangliosides alone does not account for the difference in tumor incidence between ganglioside-normal and ganglioside-depleted mice, since in this case the mice were already immunodeficient. In addition, tumors from mice that were treated with glycosphingolipid inhibitors showed severe discoloration, suggestive of poor vascularization. This led us to hypothesize that tumor cell gangliosides may promote tumor development through a mechanism other than immunosuppression of the host, possibly by enhancing the proliferative response of stromal cells to growth factor stimulation. This was also supported by our recent data that preincubation of human fibroblasts with exogenous gangliosides enhanced EGFR signaling [1]. Therefore, our hypothesis in the present work is that specific inhibition of ganglioside biosynthesis in fibroblasts will inhibit growth factor signaling in those cells.

Initially, we attempted to inactivate GM3 synthase, a key ganglioside biosynthesis enzyme, in human tumor cell lines using antisense mRNA transfection and gene targeting using homologous recombination. Unfortunately, neither approach was successful. A GM3 synthase knockout mouse became available to us through collaboration with Dr. Richard Proia, and we were also able to obtain human dermal fibroblasts from GM3 synthase deficient patients. We used both cell models to elucidate the function of gangliosides in EGFR signaling.

The proposed project is expected to contribute to an understanding of the formation and progression of human tumors of neuroectodermal origin, as well as facilitate the development of new treatments for these cancers.

MATERIALS AND METHODS

Section I. Development of genetically modified cells deficient in ganglioside GM3 synthase

Preparation of GM3 synthase antisense stable transfectant cell lines 

The total RNA was extracted from DAOY (human medulloblastoma) cells using the RNeasy mini kit (Qiagen), and first strand cDNA was generated using an RT-PCR kit (Stratagene). The cDNA sequence for GM3 synthase was obtained from GenBank (accession number AB018356). PCR primers were designed based on that sequence using Primer 3 web-based software (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) and synthesized by Integrated DNA Technologies, Inc. Each primer has a restriction enzyme site added to the 3' end that is also found at the multiple cloning site of the vector to allow insertion in a known orientation (sense or antisense). The ~530 bp region of GM3 synthase cDNA, nt 188-721, covering translation start (position 278) was amplified using PCR.

Universal forward primer carries an Mlu I restriction site at its 5’ end. The primer designed for the antisense construct carries an Nhe I restriction site at its 5’ end and the one designed for the control sense construct carries a Sal I restriction site. This ensured opposite orientation of the antisense and control sense inserts in pCI-neo vector. PCR products were gel-purified and extracted from agarose using the Qiaex II kit (Qiagen) and then digested using Mlu I and either Nhe I (antisense) or Sal I (sense). 

Antisense vector assembly 

The 5.5-kbp pCI-neo mammalian expression vector (Promega, WI) was digested with Mlu I and either Sal I or Nhe I, and gel-purified sense or antisense inserts were ligated into the vector. Ligation mixtures were used to transform XL1-Blue competent cells, and recombinant clones were identified using plasmid minipreps (Qiagen, Netherlands) and restriction analysis. Inserts and correct orientation were confirmed by sequencing at the University of Chicago Cancer Research Center Sequencing Facility. (This section was kindly done by Jessica Manela).

Transfection and selection of stable transfectants 

DAOY cells (human medulloblastoma) were transfected with the antisense vectors using electroporation (Gene Pulser II, BioRad, CA) and seeded in 10 cm-diameter cell culture dishes containing complete EMEM, supplemented with 10% FBS. In addition, sense controls were prepared in a similar manner and, as a sham control, one aliquot of DAOY cells was transfected with the empty pCI-neo vector (without inserts), and another with saline instead of DNA. After 48 hours, 400 (g/ml of the selection drug, geneticin (G418), were added to each plate and the colonies selected starting on day 11. Colonies were initially placed into 6-well plates until confluent and then transferred to 25 cm2 cell culture flasks, followed by subculturing in 75 cm2 and 175 cm2 flasks. Since the antisense construct and geneticin resistance gene (Neo) are linked in the integrated pCI-neo vector, the above selection method allowed for isolation of the cells that a) have permanently incorporated the pCI-neo vector into their genome (multiple copies) and b) express sufficient levels of the drug-resistance enzyme and antisense mRNA. Upstream of neomycin phosphotransferase gene is the simian vacuolating virus 40 (SV40) enhancer and early promoter, and the human cytomegalovirus (HCMV) major immediate-early enhancer/promoter region associated with the multiple cloning site allows for strong, constitutive expression in a number of cell types [219-222]. The control cells transfected with saline did not survive drug selection. Aliquots of each transfectant cell clone were frozen down for further stepwise analysis. 

Ganglioside isolation and quantitation 

Seventeen drug-resistant cell clones (twelve cDNA-based antisense clones and three sense controls, as well as non-transfected DAOY cells, and sham control clones) were grown to approximately 20 x 106 cells. Confluent DAOY cells were harvested by trypsinization and aliquots were taken for total cell protein assay (BioRad, CA). The screening strategy was as follows: gangliosides from the antisense (and sense) transfectants and controls were isolated by chloroform/methanol extraction and purified as described previously [223]. Briefly, the harvested cells were pelleted by centrifugation and pellets were lyophilized in 50-ml glass No. 8142 tubes. The pellets were pulverized using metal rod and resuspended in 6 ml of chloroform:methanol (1:1) with sonication (Branson bath sonicator). The lipids were extracted overnight at 4(C with magnetic stirring. The mixture was then centrifuged at 750 X g and the supernatant transferred to a new glass No. 8142 tube. Each pellet was reextracted in the same way and the two supernatants combined. The 12-ml lipid extract was evaporated to about 3 ml under a stream of nitrogen and cooled overnight at -20(C. A precipitate was removed by centrifugation at 750 X g, 10 minutes, and ganglioside-containing supernatant transferred to a 15-ml glass No. 8142 tube, completely dried under the stream of nitrogen and lyophilized. Two ml of diisopropyl ether:1-butanol (6:4) was added to the dried lipid extract, and the tube vortexed and sonicated until fine suspension was achieved. After that, one ml of 0.1% NaCl was added and the tube vortexed and sonicated in turns of 15 sec for a total 2 minutes. The mixture was centrifuged and the upper organic phase removed using a Pasteur pipette. The ganglioside-containing aqueous phase was repartitioned with another two ml of diisopropyl ether:1-butanol (6:4) in the same way and lyophilized. The dry residue was dissolved in 300 (l of distilled water with sonication, and applied to 15x1 cm Sephadex G-50 column equilibrated in distilled water. At 0.3 ml/min elution and UV detection at 206 nm, the ganglioside-containing first peak was collected in a 15-ml glass No. 8142 tube and lyophilized. The gangliosides were dissolved in 400 (l of chloroform:methanol (1:1), transferred to a 2-ml glass tube, dried under a stream of nitrogen and redissolved in 40 (l of chloroform-methanol (1:1). The ganglioside composition was analyzed using standard thin-layer chromatography in chloroform:methanol:0.25% aqueous CaCl2 x 2H2O (60:40:9). 10 (l of the ganglioside solution were spotted in 1-cm lanes, 1.5 cm from the bottom of a 10 x 20 TLC plate. Thin layer chromatography was performed for about 40 minutes in a closed glass tank with the plate in the upright position. After that, the plate was air-dried, sprayed with resorcinol reagent [3] and heated to 110(C for 20 min. Gangliosides were visualized as purple bands [223]. Densitometric analysis of the TLC plates was performed using Scion Image software (NIH, Bethesda, MD) and total ganglioside content of each transfectant clone calculated per 108 cells. As a second quantification, total ganglioside content of the clones was also calculated per microgram of total cell protein.

Protein assay 

Samples consisting of 2.5 x 104 cells in PBS were lysed with 1/3 volume 1M NaOH and incubated for 5 days (vortexed once per day).  Then, the protein assay was performed according to instructions for BioRad DC Protein Assay (BioRad, CA).

RT-PCR and genomic DNA assay 

Clones SH1, 3.2S, 7.2A, 6.2A (the latter is an antisense-transfected clone with normal ganglioside content), and untransfected DAOY cells were grown to confluency in 75 cm2 flasks, and extraction of RNA and DNA were performed according to a protocol provided with TRIzol reagent (Invitrogen, CA).  About 1 μg of RNA from each clone was used to prepare first-strand cDNA using ImProm-II Reverse Transcriptase (Promega, WI). The resulting cDNA and genomic DNA were analyzed using regular PCR for the presence of the antisense or sense cassette. 2.5 μl of the unpurified cDNA reaction or 100 ng of genomic DNA solution were then combined with 12.5 μl PCR master mix (Promega, WI), 9 μl PCR-grade water, and 0.5 μl of each primer (50 μM) stock.  Primers specific for pCI-neo vector with a sense or antisense insert were designed using Primer3 software (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) and synthesized by IDT DNA, IN. Common reverse primer:  5’-GCTCGAAGCATTAACCCTCACTAAAGG-3’; Forward antisense primer:  5’-CCTCCGCTTCCAATAACCACACAG-3’; Forward sense primer:  5’-agcaatgccaagtgagtacacctatgtg-3’. The PCR products were analyzed using 1% agarose gel electrophoresis with ethidium bromide staining.

Metabolic radiolabeling of cellular gangliosides  

GM3 synthase antisense and sense transfected DAOY cells (clones 7.2A and 3.2S) were cultured in EMEM medium supplemented with 10% FBS and 0.1 mg/ml geneticin in 75 cm2 flasks until subconfluent. Then, 1.6 (Ci of D-[6-3H ]glucosamine hydrochloride (30.9 Ci/mmol) and D-[6-3H]galactose (35 Ci/mmol, New England Nuclear, MA) per milliliter of culture medium were added, the cells were cultured for 48 hours, and washed with fresh medium. One set of cells were harvested, while the other cells were left to grow for another 48 hours in the regular medium without isotopes and then harvested too. After that, cell pellets were processed for ganglioside purification as described above. The radiolabeled gangliosides were quantified using a LS-6500 multipurpose scintillation counter (Beckman Coulter, CA).

Quantitation of antisense mRNA

Cells of clone 7.2A at passages 9 and 13 as well as one of the antisense clones (6.2A) with an almost normal ganglioside level, were grown to confluency in T-25 cell culture flasks and RNA was isolated using TRIzol reagent (Invitrogen, CA). 2 (g of RNA from each of the three samples were analyzed semi-quantitatively for the level of GM3 synthase antisense mRNA expression using IntraSpec Comparative RT-PCR kit (Ambion, TX). In brief, [(-32P]dATP labeled first strand cDNA was synthesized using primers Tag10RT, Tag50RT, and Tag10RT (supplied with the kit) for clones 6.2a, 7.2a passage 9, and 7.2a passage 13, respectively. Primers Tag10RT and Tag50RT add tails of different lengths (the former is 40 bp shorter than the latter) to 3’ ends of cDNA, in such a way that the all cDNAs in clone 7.2A passage 9 are 40 bp longer than those in clone 6.2A and 7.2A passage 13. Since pairwise mixtures of cDNAs will compete for the same primers in each PCR, different intensity of the bands in an agarose gel should reveal differences in the amounts of GM3 synthase antisense mRNA in the three samples. Each first strand reaction was purified using NucAway columns (supplied with the kit) and cDNA present in eluates was quantified by scintillation counting (Beckman LS-6500). Equal amounts (based on cpm) of each cDNA were mixed pairwise and amplified by PCR using Outer Tag primer (supplied with the kit) and primer AmbAS: 5’-ACTATAGGCTAGCATGTCCA-3’ (specific for the antisense construct in that it covers part of the expression vector in the promoter area and part of the GM3 synthase antisense insert). We used PCR Master Mix (Promega, WI) for the amplification and used the following conditions: per 25 (l PCR reaction we mixed 12.5 (l PCR Master Mix (composition is proprietary), 3 (l of 2 (M Outer Tag primer, 0.5 (l of 50 (M AmbAS primer, 3 (l water and about 6 (l of each equimolar pairwise mixture of cDNA eluates (quantities were normalized based on cpm) from the antisense clones. The first mixture contained 2.4 (l and 3.5 (l of eluates from clones 6.2A and 7.2A passage 9 respectively. The second mixture contained 3.5 (l and 2.9 (l of eluates from clones 7.2A passage 9 and 7.2A passage 13 respectively. The third mixture contained 2.4 (l and 2.9 (l of eluates from clones 6.2A and 7.2A passage 13 respectively. Cycling conditions were (35 cycles total): first denaturation at 95(C for 2 min; all subsequent denaturation steps at 95(C for 30 sec; annealing at 50(C for 30 sec; extension at 72(C for 45 sec; final step hold at 4(C. All PCRs were performed using an MJ Research Gradient Cycler PTC-225 with a heated lid. Control PCR reactions containing one cDNA only from each clone were also performed a similar manner. The products were analyzed by electrophoresis in 2% agarose gels containing ethidium bromide.

RT-PCR analysis of GM3 synthase mRNA

Clones 7.2A passage 10, 7.2A passage 11, as well as untransfected Daoy cells of two consecutive passages 13 and 14, were grown in a 24-well plate. RNA was extracted from cells by adding TRIzol reagent (Invitrogen, CA) to the wells directly in the culture plates (0.5 mL TRIzol per well for a 24-well plate). After that, mRNA isolation procedure was performed exactly as described in the manual for TRIzol reagent (Invitrogen, CA).  The RNA was reverse transcribed according to directions for ImProm-II Reverse Transcriptase (Promega, WI).  Then, 2 (l of each cDNA were combined with 25 (l Platinum SyBr Green qPCR SuperMix-UDG (Invitrogen, CA), 0.5 (l of each primer, fluorescein (BioRad, CA) to a concentration of 25 nM, and PCR-grade water to 50 (l.  RT-PCR reactions with primers for actin were used as a control.  Real-time PCR was performed using iCycler (BioRad, CA).GM3 synthase primers:  5’-CGAGCAATGCCAAGTGAGTA-3’ and 5’-TCCACACTCCAAACACAAGC-3’. Actin primers: 5’-ACCTGTACGCCAACACAGTG-3’ and 5’-ACACGGAGTACTTGCGCTCA-3’.  The RT-PCR reactions were kindly performed by Yevgeniya Nusinovich.

Preparation of GM3 synthase knockout in human HCT116 cells

Gene targeting constructs

Various gene targeting constructs were assembled using a new method described in our publication [218, 224] (article [218] is available for free on the PubMed website: http://www.pubmed.gov/ ). These constructs were intended to knock out two copies of GM3 synthase gene in human colon adenocarcinoma cells HCT116 via homologous recombination. The gene targeting constructs were designed according to principles outlined in [216, 217] and consisted of three fragments: a left homologous arm, a drug-resistance or GFP cassette, and a right homologous arm. The assembly procedure (our new method) is based on a combination of overlap extension PCR and long PCR as described in [218, 224].  

The length of each PCR product was verified using 0.5% agarose gel electrophoresis for products shorter than 12 kbp and using pulsed-field electrophoresis for 20 kbp products. None of the PCR products were cloned into plasmid vectors; instead, they were synthesized in the amount of approximately 20 (g, gel-purified using Qiaquick gel-extraction kit (Qiagen), and used directly for transfection of HCT 116 cells.

Sequencing


Sequencing of fusion points in all of the gene targeting constructs as well as comprehensive sequencing of the neomycin resistance gene based 10.8 kbp triple fusion product was performed by Northwoods DNA, Inc. (Becida, MN) and MCLab, Inc. (South San Francisco, CA).

Transfection of gene targeting constructs into HCT116 cells

Human colon adenocarcinoma cells HCT 116 were transfected with various gene targeting constructs in order to sequentially inactivate both copies of GM3 synthase gene and obtain a cell line deficient in gangliosides. All targeting constructs were designed to target GM3 synthase gene and were either of promoterless type or of “clueless” type, where additional regulatory signals, such as translation stop codon and polyadenylation signal, were removed to reduce the background of drug-resistant clones resulting from random insertions of the targeting construct. Theoretically, the neomycin or hygromycin B resistance gene contained in our targeting constructs would be expressed only when it replaces a portion of the GM3 synthase gene via homologous recombination and, thereby, can use endogenous transcriptional and translational signals of GM3 synthase gene. The list of the targeting constructs used for transfection of HCT116 cells: 20 kbp Neomycin promoterless construct, 11 kbp Neomycin promoterless construct, 6.1 kbp GFP One construct, 6.2 kbp GFP Two construct, and 6.5 kbp Clueless Hygro 4 construct. Clone 26.cor (26.correct) was obtained after transfection of HCT116 cells with the 11 kbp Neomycin promoterless construct and drug selection. Other clones (#43, CH3.28, and CH3.49) were obtained by transfecting clone 26.cor with 11 kbp Hygromycin promoterless construct or 7.2 kbp Clueless Hygro 3 construct (described in RESULTS).

During each transfection procedure, approximately 10 micrograms of a gel-purified targeting construct synthesized by long PCR was electroporated into 2 to 5 million cells at 500V and 50 (F in 100 microliters of PBS. Cells were plated in full medium, McCoy’s modified 5a medium supplemented with 10% FBS, (30 cell culture plates, 10 cm diameter, per transfection batch) and cultured for 48 hours after which 0.1 mg/ml of G418 or 0.07 mg/ml of hygromycin B were added to the medium (depending on the targeting construct used). Hygromycin B or neomycin resistant cell clones were selected and analyzed by PCR using primers specific for a homologous recombination event in the GM3 synthase gene. Additional PCR products obtained with different primer sets were analyzed by sequencing.

PCR screening and analysis

Drug resistant clones obtained from each transfection were screened for homologous recombination events using PCR [216]. A homologous recombination event between the targeting construct and the target region of GM3 synthase gene will disrupt that copy of the gene. One primer was designed to bind within a drug resistance or GFP cassette and the other primer was designed to bind to the GM3 synthase gene sequence slightly outside of the recombination locus. Successful amplification of a PCR product of expected length would suggest that the targeting construct got inserted (recombined) in the correct locus in the genome. For each targeting construct, one set of primers was used for screening of drug-resistant or fluorescent clones to obtain PCR-positive candidates for homologous recombinants. If the PCR screening produced positive clones, several other sets of primers were designed as well to confirm homologous recombination on both sides of the recombination locus. Some PCR products were gel-purified and sequenced at the ends in order to obtain more evidence of (or disprove) recombination. Typical length of PCR products was 2 to 3 kbp (amplified using PCR Master mix, Promega, WI), but long PCR was also attempted unsuccessfully (using Herculase Hot-start DNA Polymerase, Stratagene, CA and RedAccuTaq LA long PCR mix, Sigma, MO).

Sorting of HCT116 cells transfected with GFP-based constructs

After the cells transfected with GFP One and GFP Two constructs were grown in full medium for approximately 5 days, an attempt was made to identify fluorescent cells visually using Zeiss Axiovert 25 inverted microscope that is capable of detecting GFP fluorescence. Then, all of the cells were trypsinized, approximately 3 x 106 cells from each transfection, the trypsin inactivated by a double volume of culture medium and the mixture resuspended thoroughly. The cell suspension was filtered through sterile nylon netting (50 micron pore size) into two FACS tubes, and sorted by a company called FAST Systems (Maryland). Alternatively, the cells were sorted using FACStar-Plus automatic sorter (Becton Dickinson, NJ). 30 to 60 cells from each batch that fall within the GFP gate setting of 2 x 102 to 104 (arbitrary units specific to the instrument) were then seeded in full medium and grown in 10 cm diameter cell culture plates until the cells formed colonies. The colonies were transferred to separate T-25 and then T-75 flasks and later analyzed by PCR for recombination events as described in section “PCR screening and analysis”. 

Determination of DNA content (ploidy) by FACS 

Approximately 106 cells were trypsinized for each clone to be analyzed, the trypsin inactivated by a double volume of culture medium and the mixture resuspended thoroughly. To achieve single cell suspension, the cells were filtered through a 50 micron nylon mesh. The tubes with cells were then centrifuged and decanted, by inverting the test tube and by blotting the end of the test tube, and placed on an ice bath for 15 minutes. 

The vortex speed of the Vortex Genie2 mixer was adjusted to about 2.5 and 1ml of 70% ethanol precooled to -30(C was added to the cells over the course of 3-5 seconds while gently mixing. The tubes were then tightly capped and stored overnight at 4(C. After that, the tubes of alcohol-fixed cells were pelleted by centrifugation at 1000 X g for 5 minutes. The ethanol was decanted with blotting the end of the test tubes on filter paper. The cells were washed in 1ml of PBS and spun down at 1000 X g for 5 minutes. Then, 100 (l RNAse A (100 units) were added to each test tube, the tubes vortexed and incubated at room temperature for 20 minutes. A stock solution of propidium iodide (1mg/ml) was diluted to a concentration of 20 µg/ml in PBS immediately before use, and 500 µl of the 20 µg/ml PI solution were added to all tubes that contained about 106 cells. The tubes were then incubated in the dark at 2-8(C or in a covered ice bath for 6 hours (or overnight). Cell suspensions were then vortexed briefly and DNA content of the cells analyzed using FACSCalibur (Becton Dickinson, NJ).    

Karyotyping of HCT116 cells and transfectants


First, metaphasic cells were prepared using the following procedure. HCT116 cells or transfectants derived from HCT116 cells, were grown to a density of about 80% in T-75 flasks in McCoy’s modified 5a medium, supplemented with 10% FBS. Colcemid stock solution 10µg/ml (Invitrogen, CA) was added to the cells at 20 µl per ml of culture medium (final concentration 0.2 µg/ml), and the cells were incubated for 1 hour at 37(C. The cells were then trypsinized, transferred into a 15-ml tube and pelleted by centrifugation at 300 X g for 10 min. The supernatant was removed except for about 0.5 ml, and the cell pellet resuspended by gently flicking the tube. 10 ml of hypotonic solution (75mM KCl (0.56%) in water) was added dropwise while gently flicking the tube. The mixture was incubated for 10 min at room temperature, and the cells were then pelleted by centrifugation at 200 X g for 10 min. The supernatant was removed except for about 0.5 ml, and the pellet resuspended thoroughly by flicking the tube gently. 3 ml fixative (methanol:acetic acid, 3:1, mixed  before use) was added dropwise while flicking the tube gently. The tube was then filled completely with 15ml of the fixative and incubated at -20(C for 30 min. After that, the cells were pelleted by centrifugation at 300 X g for 10 min. The supernatant was removed except for about 0.5 ml, and the cell pellet resuspended by gently flicking the tube. 3 ml fixative was added dropwise while flicking the tube gently. The tube was then filled completely with the fixative (15ml) and the fixed metaphasic cells were stored at 4(C.  


Preparation of chromosomal spreads. G-banding of human chromosomes from metaphasic HCT116 cells was performed using Kit #46631-00 “Karyotyping human chromosomes” from Science Kit & Boreal Laboratories, NY. In addition, fluorescent painting of chromosome 2 was performed by Chrombios, GmbH (Germany), to determine the copy number of chromosome 2 per genome in clone #43 (Neo-promoterless transfected and Hygro-promoterless transfected HCT 116 cells).

Fluorescent in situ hybridization (FISH) analysis of transfectants

Two analyze insertions and/or recombination sites of targeting constructs transfected into HCT116 cells we also used FISH. FISH was performed by Chrombios, GmbH (Germany) and SeeDNA, LLC (Canada) using metaphasic cells prepared from HCT116 transfectant clones as describe above. The length of the fluorescent probe that was used to analyze clone #43 (Neo-promoterless transfected and Hygro-promoterless transfected HCT116 cells) was 11 kbp, i.e. the full length promoterless hygromycin construct. A short fluorescent probe, 1.6 kbp hygromycin-polyA cassette, was used to analyze clones CH3.8, CH3.28, CH3.30, and CH3.49 (Neo-promoterless transfected and Clueless Hygro 3 transfected HCT116 cells). A shorter fluorescent probe, 1.1 kbp (hygromycin B resistance gene only without polyA signal), was used to analyze clones CH4.11 (Clueless Hygro 4 transfected HCT116 cells). All of the clones listed above except for CH4.11 were derived from clone “26.correct” (Neo-promoterless transfected HCT116 cells).

Southern blot analysis of transfected cells

The traditional method of analyzing drug-resistant and PCR-positive clones for homologous recombination events is Southern blot analysis. Because homologous recombination will insert a drug-resistance cassette and simultaneously remove a short region from the targeted gene, it is possible to find restriction sites that will be either added or removed from the mutant locus. A radioactive probe that binds outside of the recombination locus will be able to detect a shortening or lengthening of a restriction fragment in the targeted locus, which resulted from the alteration of the restriction map in that locus.

Purification of DNA. Clones of HCT116 cells transfected with various gene targeting constructs were grown to confluency in T-75 flasks and harvested by trypsinization. 700 (l of lysis buffer, 50 mM Tris-HCl pH 7.4, 5 mM EDTA, 0.5% SDS in DEPC treated distilled water, were added to each cell pellet, mixed, and then 20 (l of Proteinase K (Invitrogen, CA), 20 mg/ml, were added, the pellet resuspended and incubated overnight at 55(C. After that, 500 (l of phenol pH 7.9 (Stratagene, CA) were added to each sample and mixed by repeated inverting for 1 minute. 100 (l of chloroform were added and the samples were mixed by inverting several times. The samples were pelleted by centrifugation at 4000 X g for 10 minutes and the upper aqueous phase was transferred to a new tube using a wide-bore pipette tip and mixed with 50 (l of 3M sodium acetate pH 5.5. DNA was precipitated by adding 750 (l of absolute ethanol, inverting the tube several times and incubating at -20(C for 1 hour. The mixtures were then pelleted by centrifugation at 4000 X g for 10 minutes, supernatants removed, and the pellets were washed two times with 500 (l of 70% ethanol with centrifugation as above. After the final wash, the supernatant was removed and the genomic DNA pellet air-dried for 20 minutes. DNA samples were dissolved in 200 (l of 5 mM Tris-HCl pH 8.5. DNA concentration in the samples was determined by UV absorption using DU 640 spectrophotometer (Beckman Coulter, CA) and confirmed by agarose gel electrophoresis. 

Southern blots. 10 (g of each genomic DNA sample were digested overnight using 40 (l reactions and 5 to 10-fold unit excess of a restriction enzyme. Restriction maps of each of the Southern blots described below are presented and discussed in more detail in the RESULTS section.

Southern blot A: DNA from clones “wild type” (untransfected HCT116 cells) and “26.cor” (11 kbp Neomycin promoterless construct transfected HCT116 cells) was digested with Mfe I and analyzed using ~300 bp probe “Ri3Pro” (described below). This Southern blot tests if homologous recombination has occurred with 11 kbp Neo-promoterless construct in clone “26.cor”.

Southern blot B: DNA from clones “wild type” (untransfected HCT116 cells), “26.correct” (11 kbp Neomycin promoterless construct transfected HCT116 cells), “CH3.28” (7.2 kbp Clueless Hygro 3 construct transfected clone 26.correct), and “CH3.49” (7.2 kbp Clueless Hygro 3 construct transfected clone 26.correct) was digested with Acc I and analyzed using 2.1 kbp probe “beta-actin”. This Southern blot was intended to verify the integrity of genomic DNA used for other Southern blots described here.

Southern blot C: DNA from clones “wild type” (untransfected HCT116 cells), “26.correct” (11 kbp Neomycin promoterless construct transfected HCT116 cells), “CH3.28” (7.2 kbp Clueless Hygro 3 construct transfected clone 26.correct), and “CH3.49” (7.2 kbp Clueless Hygro 3 construct transfected clone 26.correct) was digested with Sca I and analyzed using ~350 bp probe “Hygro”. This Southern blot tests if there is only one insertion of 7.2 kbp Clueless Hygro 3 construct in clones CH3.28 and CH3.49.

Southern blot D: DNA from clones “wild type” (untransfected HCT116 cells), “26.correct” (11 kbp Neomycin promoterless construct transfected HCT116 cells), “CH3.28” (7.2 kbp Clueless Hygro 3 construct transfected clone 26.correct), and “CH3.49” (7.2 kbp Clueless Hygro 3 construct transfected clone 26.correct) was digested separately with BamH I, Bsu36 I, and EcoN I each (4 clones times 3 enzymes equals 12 digests total) and analyzed using ~300 bp probe “LeftNew”. This Southern blot tests if homologous recombination has occurred with 7.2 kbp Clueless Hygro 3 construct in clones CH3.28 and CH3.49.

Probes: Probes were designed to be around 300 bp and to bind outside of the recombination locus in order to avoid binding to random insertions of a targeting construct. The probes were prepared using PCR with gel-purification, but without subsequent cloning, using primers 26-30 bases long; except for probe “beta-actin” which corresponds to cDNA of human beta actin and was excised from plasmid pHF(A-1 (kindly provided by Dr. Anamaris Colberg-Poley) using BamH I [225], and gel-purified. To ensure the highest purity of PCR-made probes, only the lowest possible amounts of templates were used in the reactions, combined with the highest annealing temperature (72(C) and a high cycle number, 35. The following are primers and templates used for amplification of each probe. Probe Ri3Pro was amplified with primers 5’- CTAAAGACCTTATCTCCCTGCGGATGGCATTG-3’ and 5’-GCAGCGTCGTCTTTGTTAAAGCATTTCTCCC-3’ from genomic DNA of clone “wild type.” Probe Hygro was amplified with primers 5’-  ATGATTCTCACATGACTACATCATAATACCTAATTGATTTTTTTCCAGAATGAAAAAGCCTGAACTCACCGCGACGTCTG-3’ and 5’-GCAGGTCTTGCAACGTGACA-3’ from pTK-Hyg vector (Clontech, CA). Probe LeftNew  was amplified with primers 5’-AAGTTACTGGAAGTGCCACAGCATCTGCTGC-3’ and 5’-TTCCGCCTCCAGGTGCTCTGTTGCTG-3’ from genomic DNA of clone “wild type”.

The following is composition of a 200 (l (50 (l in four tubes) PCR reaction (SibGene Taq Polymerase kit, SibGene, MD): 153 (l of PCR-grade water; 20 (l of 10x complete buffer; 5 (l of dNTP mix, 10 mM each (Sigma, MO); 10 (l of Taq Polymerase, 5U/(l; 4 (l of 50 uM forward primer; 4 (l of 50 uM reverse primer; 4 (l of DNA template (total of 100 ng).

Cycling conditions for amplification of probes were as follows: initial denaturation 95(C for 2 minutes; total of 35 cycles; denaturation 95(C at 30 seconds, combined annealing and extension steps 72(C at 40 seconds; hold at 4(C when finished. An exception was probe Hygro, for which annealing step was 60(C, 20 seconds and extension was 72(C, 30 seconds.


All probes were gel-purified using Qiaquick gel-extraction kit (Qiagen, Netherlands) such that to achieve the final concentration of 10 to 50 ng/(l, according to agarose gel electrophoresis and DNA molecular size markers. 70 ng of each probe was 

labeled using Ready-to-go DNA labeling Beads and deoxycytidine 5- [alpha-32P] triphosphate (both from Amersham Biosciences, UK) and then purified using Qiaquick nucleotide removal kit (Qiagen, Netherlands). Specific radioactivity of the probes was measured by mixing 2 ng of each probe in 5 mL of CytoScint scintillation fluid (MP, former ICN Biomedicals, OH) and using LS 6500 Multi-purpose scintillation counter (Beckman Coulter, CA) to make sure the activity is within the range of 105 to 106 cpm per ng of a probe.

Electrophoresis and transfer. A set of restriction digests for each Southern blot were separated on a 20x20 cm, 0.5% agarose gel with 0.0001% ethidium bromide. The gels were photographed using Eagle Eye Mini darkroom cabinet (Stratagene, CA). The gel box contained a fluorescent ruler (clearly visible on photographs) such that the location of DNA molecular size markers (1-10 kbp, Promega, WI) could be determined later on a transfer membrane using a regular ruler. DNA was transferred to Nytran Supercharge Nylon membrane (Nytran N, Schleicher & Schuell Bioscience, NH) using Turboblotter Rapid Downward Transfer System (Schleicher & Schuell Bioscience, NH) using alkaline protocol and baked the membrane afterwards for 90 minutes at 80(C.


Hybridization. We used the Church buffer procedure for hybridization [226]. The Church buffer was prepared as follows: to obtain 100 mL final volume, the following ingredients were mixed in this order: 50 mL 1M sodium phosphate buffer pH 7.2, 200 (l 0.5M EDTA pH 8, 35 mL 20% SDS, 1 g bovine serum albumin, fraction V (ICN Biomedicals, OH), 13.3 mL distilled water. After thorough mixing with sonication, 1 mL of 10 mg/mL sheared salmon sperm DNA (Ambion) was added to the solution. Before addition, the salmon sperm DNA was heat-denatured on a boiling water bath for 2 minutes and then immediately placed on ice for 2 minutes. The Church buffer was made fresh and kept at 65(C on the day of Southern hybridization.


The nylon membrane with immobilized DNA digests was prehybridized for about 30 min in Church buffer without the probe at 65(C in Hybridiser oven HB-1D (Techne, UK). Then, the buffer was changed to a fresh one, and 50 ng of the radioactively labeled probe were added and incubated overnight at 65(C. The hybridization volume was 10 ml of the Church buffer in a small roller container. After the overnight hybridization, the radioactive buffer was removed and the membranes washed twice for 15 minutes in low stringency buffer: 0.04 M sodium phosphate buffer pH 7.2, 0.5% bovine serum albumin fraction V (ICN Biomedicals, OH), 1 mM EDTA pH 8, and 2.5% SDS. Finally, the membranes were washed at 65(C in Hybridiser oven HB-1D (Techne, UK) in high stringency buffer: 0.04M sodium phosphate buffer pH 7.2, 1 mM EDTA pH 8, 1% SDS.

The membrane was wrapped in Saran film and exposed to Hyperfilm MP 18 x 24 cm (Amersham, UK) for several days to a week. The film was developed using SRX-101A medical film processor (Konica, Inc., Japan).

Section II. Characterization of GM3 synthase-deficient fibroblasts

Derivation of mouse embryonic fibroblasts from GM3 synthase KO mice

Two breeding pairs of GM3 synthase knockout mice (C57BL/6 background) were kindly provided by Richard L. Proia (NIH, Bethesda, MD).


The following is a modified protocol from a manual by WiCell Research Institute entitled “Introduction to Human Embryonic Stem Cell Culture Methods”. A 13-day pregnant mouse from GM3S heterozygote x GM3S heterozygote mating was euthanized by carbon dioxide inhalation and placed abdomen up in a sterile tissue culture hood on a ream of paper towels. The abdomen of the mouse was saturated with alcohol and the skin was cut back using sterilized instruments to expose peritoneum. The instruments were resterilized with alcohol, washed in sterile PBS, and used to cut the peritoneal wall and expose uterine horns. The uterine horns were removed, placed in a tissue culture dish containing sterile PBS, and washed 3 times using fresh tissue culture dishes with PBS. Then, the embryonic sacs were cut open and embryos released using Watchmaker’s forceps and scissors. The instruments were periodically resterilized as described above throughout the procedure below, making sure that individual embryos are not cross-contaminated with cells from other embryos and uterine horns. The embryos were washed 3 times with sterile PBS individually, using multiple 6-well tissue culture plates containing 3 ml PBS per well. After that, the head and visceral tissue (dark red color) was removed from each embryo, and the remainder moved to fresh 6-well plates and washed 3 additional times with PBS. At this point, embryo tails were taken for genotyping, PBS removed and the embryonic tissue minced using sterile scissors into very small pieces for about 5 minutes. After that, 1 ml of 0.5% trypsin was added to each minced sample and the mixture pipetted using a narrow-bore pipette tip and incubated at 37(C for 10 minutes. Then, the mixture was pipetted thoroughly as above and the trypsin inactivated using 5 ml of MEF derivation medium for each sample: DMEM containing 4.5 g/L glucose (BioWhitaker, MD), supplemented with 10% FBS, 2 mM L-glutamine, 0.1mM non-essential amino acids, and Pen-Strep antibiotic mix (Invitrogen, CA). The cells were pelleted by centrifugation at 300 X g for 5 min, resuspended in 5 ml of the medium and grown for 3 passages in T-175 cell culture flasks in the MEF derivation medium (regular cell culture conditions, 37(C, and 5% CO2). Finally, aliquots of cells were frozen down in the same medium with 5% DMSO and without Pen-Strep. All subsequent passages of mouse embryonic fibroblasts were grown in the MEF derivation medium containing no antibiotics.

Derivation of adult skin fibroblasts from GM3 synthase KO mice

2-month old mice (three of each genotype: GM3S +/+, +/-, and -/-) were euthanized by carbon dioxide inhalation and placed belly up in a sterile tissue culture hood on a ream of paper towels. The abdomen of the mouse was saturated with an alcohol pad and the abdominal skin was excised using sterilized instruments. The instruments were resterilized with alcohol, and washed in sterile PBS containing 1x Pen-Strep (Invitrogen). The upper epidermis layer was separated from the lower connective tissue under a dissecting microscope in a laminar hood. The epidermis was cut in 1 x 1 mm pieces with scalpels. Then, the pieces were transferred to a tube containing the wash medium (DMEM containing 14% FBS and 1 X Antibiotic/Antimycotic solution (Gibco)) and, after they sedimented, the supernatant was removed and the washing was repeated 4 times. After that, the pieces of epidermis were incubated in 1 ml of trypsin for 20 min and following the incubation, trypsin was inactivated with 4 ml of culture medium (DMEM containing 4.5 g/L glucose (BioWhitaker, MD), supplemented with 10% FBS, 2 mM L-glutamine, 0.1mM non-essential amino acids, and Pen-Strep antibiotic mix (Invitrogen, CA)) and the mixture was transferred to an empty T-75 flask. The flask was placed in a 37(C incubator and was not touched or moved for 3 days. On day 4, five ml of fresh medium (described above) were added to the flask and the cells were not disturbed until almost confluent. Finally, the cells were passaged in culture and a relatively pure fibroblast population was obtained at passage 3, and after that, the cells were grown without the addition of Pen-Strep to the medium. 
Genotyping of mice and MEFs

Genomic DNA from tails of GM3 synthase knockout mice and mouse embryos was purified as described above for Southern blots. Newborn mice and embryos were genotyped using PCR with two sets of primers as described in [24]. Afterwards, established cell clones were regenotyped. Genomic DNA was isolated from 5x105 cells of each cell type using QiaAmp DNA Mini Kit (Qiagen) and eluted with 30 (L of 5 mM Tris-HCl buffer pH 8.5 during the last step of the protocol. 2 (L of DNA samples were used in 20 (L PCR reactions using SibGene Taq Polymerase kit (SibGene, MD).Briefly, primers 5’-AGCTCAGAGCTATGCTCAGGA-3’ and 5’-TACCACATCGAACTGGTTGAG-3’ were used to detect the wild-type copy of GM3 synthase gene (~ 0.4 kbp PCR product). Primers 5’-CAATAGATCTGACCCCTATGC-3’ and 5’-TCGCCTTCTTGACGAGTTCTTCTGAG-3’ were used to identify the mutant GM3 synthase allele, yielding a ~ 0.3 kbp PCR product. Cycling conditions were as follows: 40 cycles; denaturation 94(C, 1 minute; annealing 60(C, 1 minute; extension 72(C, 1 minute.

Genotyping of human dermal fibroblasts

Both a PCR assay and sequencing were used for confirmation of the homozygous point mutation in fibroblasts from patients deficient in GM3 synthase. Genomic DNA was isolated using phenol extraction and tested with PCR using primers that at the 3’ end carry a nucleotide specific either to the nonsense mutation or to wild type sequence. Primer set 1 (the forward primer is 5’-GCTTGCTTTCCTTAGCCATTCTGGGTAC-3’ and the reverse primer is 5’-AAGGGCATTCTTCACAGGCTGGTG-3’) is specific for wild type GM3 synthase sequence, whereas primer set 2 (the forward primer is 5’-ATGACTTATCCAGAGGGCGCACCAC-3’ and the reverse primer is 5’-GCCACCTGCTTCCAAAAGAAGAGTCA-3’)  is specific for the point mutation. If the point mutation is homozygous, then the PCR mispriming assay is expected to yield a ~ 2 kbp band with primer set 2 (specific for mutation) and no bands with primer set 1 (specific for wild type sequence). The opposite pattern is expected for the wild type sequence, shown here as N1 and N2 (two different healthy subjects, age-matched controls). Genomic DNA was isolated from 5x105 cells of each cell type using QiaAmp DNA Mini Kit (Qiagen) and eluted with 30 (L of 5 mM Tris-HCl buffer pH 8.5 during the last step of the protocol. 2 (L of DNA samples were used in 20 (L PCR reactions using SibGene Taq Polymerase kit (SibGene, MD). A typical reaction mixture consisted of: 13.7 (L water, 2 (L complete 10x SibGene buffer, 0.5 (L dNTPs (10 mM mix, Sigma, MO), 1 (L SibGene Taq Polymerase, 0.4 (L forward primer (50 (M stock), 0.4 (L reverse primer (50 (M stock), and 2 (L of DNA sample. PCR cycling conditions: first denaturation 95(C 2 min, subsequent denaturation steps 95(C 30 s, annealing and extension steps were combined into one step 74(C 2 min 30 s, the total of 35 cycles.
Additionally, the GM3 synthase mutant and control human fibroblasts were genotyped by sequencing as follows. Genomic DNA was isolated from 106 cells of each cell type using phenol extraction and about 1.6 kbp region was amplified with primers 5’- TCAAATACATTTCAGAGGTCAGCTGTCGAG-3’ and 5’-GGCAGCACTTGCTAATTGCAGGTAAAG-3’ using SibGene Taq Polymerase kit (SibGene, MD). The product of the first PCR was purified using Qiaquick PCR purification kit (Qiagen) and reamplified with nested primers (5’-ATAAATTCATGGCATTCCAGAAGGGCAG-3’ and 5’-TCAAGAAGCCGCAAGTAATAAAGGCATG-3’ resulting in a ~1.4 kbp product) using SibGene Taq Polymerase kit (SibGene, MD). A typical reaction mixture consisted of: water to bring the total reaction volume to 50 (L, 5 (L complete 10x SibGene buffer, 1.3 (L dNTPs (10 mM mix, Sigma, MO), 2.5 (L SibGene Taq Polymerase, 1 (L of each primer (50 (M stock), and 0.2 (g of DNA sample (DNA concentrations were measured using a spectrophotometer). PCR cycling conditions: first denaturation 95(C 2 min, subsequent denaturation steps 95(C 30 s, annealing 62(C 30 s, and extension step 73(C 2 min, for the total of 30 cycles. The nested PCR products were gel-purified using Qiaquick gel extraction kit (Qiagen) and sent for sequencing to MCLab (South San Francisco, CA). The sequencing primer for all samples was 5’-GCTTCAGAAGGCAGTGCACA-3’.
Analysis of ganglioside content in murine and human fibroblasts deficient in GM3 synthase


MEFs and adult skin fibroblasts derived from GM3 synthase wild type, heterozygous and homozygous knockout mice were grown to 90% confluency in T-175 flasks in DMEM containing 4.5 g/L glucose (BioWhitaker, MD), supplemented with 10% FBS, 2 mM L-glutamine, 0.1mM non-essential amino acids (Invitrogen, CA) and the cellular ganglioside content was analyzed as described in section “Ganglioside isolation and quantitation” above.


Similarly, human dermal fibroblasts deficient in GM3 synthase and age-matched control fibroblasts (from a 2-year old and 19-year old) were grown to approximately 90% confluency in FGM-2 medium (Clonetics) without antibiotics and ganglioside content of these cells was analyzed as described above. Ganglioside analysis in human dermal fibroblasts was kindly performed by Yihui Liu.
A metabolic assay for GM3 synthase activity in human dermal fibroblasts

The procedure was performed as described in [25]. MEFs from GM3 synthase wild type, heterozygous and homozygous knockout mice were grown to 80% confluency in DMEM containing 4.5 g/L glucose (BioWhitaker, MD), supplemented with 10% FBS, 2 mM L-glutamine, and 0.1mM non-essential amino acids (Invitrogen, CA) in 10 cm diameter culture dishes. Then, 1 (Ci of [4,5,6,7,8,9-14C]CMP-sialic acid (Perkin Elmer) was added per milliliter of culture medium, the cells were cultured for 48 hours, and washed with fresh medium. The cells were grown in full medium for another 24 hours and then harvested by trypsinization and 1 million of cells from each clone were processed for ganglioside purification as described above except at the stage of initial lipid extraction, 20 nmols LBSA of cold carrier (LBSA-equimolar mixture of gangliosides) were added to the 12 mL of chloroform-methanol (1:1) extracts. After gangliosides were isolated, the radiolabeled gangliosides were quantified using a LS-6500 multipurpose scintillation counter (Beckman Coulter, CA) and by exposing the TLC plate to radiosensitive film (Amersham Biosciences, UK) for 3 months.

Proliferation assays with mutant fibroblasts and controls

105 cells were seeded per well in 6-well plates, 6 wells for each cell type, and grown in standard media, i.e. MEFs were grown in DMEM containing 4.5 g/L glucose (BioWhitaker, MD), supplemented with 10% FBS, 2 mM L-glutamine, and 0.1mM non-essential amino acids (Invitrogen, CA), while human dermal fibroblasts were grown in FGM-2 medium (Clonetics) without antibiotics. Two wells of each cell type were harvested and counted on day 2, day 4 and day 6. The proliferation rate was calculated as the ratio of the cell count on day 4 to that on day 2, and the ratio of day 6 to day 4. In addition, we calculated the average of those two ratios. The whole procedure was done twice and the average 2-day proliferation rate of the two experiments was calculated. The initial number seeded was ignored in calculations because adherence (initial survival rate in culture) may be different among different cell types, given that GM3S mutants have an altered plasma membrane. 
Section III. Cell signaling experiments in ganglioside-deficient fibroblasts

EGFR signaling experiments in mouse embryonic fibroblasts

To determine the effect of gangliosides on cell signaling, EGF receptor activity was assessed in GM3 synthase knockout fibroblasts as well as heterozygous and wild type cells as controls.

Cell culture and stimulation with EGF. Three clones of mouse embryonic fibroblasts (MEF) derived respectively from GM3 synthase knockout homozygote, heterozygote and wild type mouse embryos were used in this experiment and cells within each clone were subdivided into four groups: a) control cells, b) ganglioside GD1a preincubated cells, c) EGF-treated cells, and d) cells that were both preincubated with ganglioside GD1a and treated with EGF. Each experimental cell group was seeded in a well of a 6-well plate. 2 x 105 MEFs were seeded per well in 6-well plates in DMEM medium containing 4.5 g/L glucose (BioWhitaker, MD), and supplemented with 10% FBS, 2 mM L-glutamine, and 0.1mM non-essential amino acids (Invitrogen, CA). The serum-free medium used in the EGF signaling experiment below has the same composition except it contains no FBS.
Upon reaching 90% confluency (in 2 days), the MEF cells were incubated in serum-free medium for 6 hours. Some of the cell groups (two out of four for each cell clone: GM3S +/+, GM3S +/-, and GM3S -/-) were simultaneously preincubated with 20 nM ganglioside GD1a during this 6-hour serum-starvation period. Then, the culture medium was removed, and the cells were washed twice with serum-free medium to remove unbound ganglioside and some groups of cells within each genotype exposed to 3 ng/ml mouse EGF in serum free medium for 5 min at 37 °C. The other cell groups were incubated with the serum free medium without EGF. 

Preparation of Cell Lysate. The culture medium was removed, the 6-well plates placed immediately on ice, and washed two times with 3 mL of ice-cold phosphate-buffered saline (PBS) per well. The PBS was then removed by aspiration and 300 µl of lysis buffer were added to each well. The lysis buffer contained 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerol phosphate, 1 mM Na3VO4, 1 µg/ml leupeptin (purchased as 10x from Cell Signaling Technology, MA) supplemented with 1 mM phenylmethylsulfonyl fluoride. The lysates were transferred to microcentrifuge tubes using scraping and pipetting, and sonicated 3 times for 4 seconds on ice using Ultrasonic processor, set at 20 KHz, 50 Watt, output control setting at 35. The samples were then pelleted by centrifugation at 10,000 X g for 10 min at 4°C and the supernatants transferred into new tubes. Cell protein in the samples was quantified using BCA Protein Assay Reagent Kit (Pierce Biotechnology, IL) with bovine albumin as a standard.

EGFR Autophosphorylation Assay. 60 (g of cell protein from each lysate were transferred to a new microcentrifuge tube, mixed with 4 µg of sheep polyclonal IgG anti-EGFR antibody (Upstate, Inc, VA), and incubated overnight with gentle stirring at 4 °C (using LabQuake rotary stirrer from Labindustries, CA, in a cold room). The immune complexes were recovered by adding 100 µl of the GammaBind G Sepharose bead slurry (Amersham, UK), gently rocking the mixture for 4 h at 4 °C, and centrifugation at 9,000 X g for 1 minute. The supernatant was removed, the beads were washed 3 times with ice-cold PBS with centrifugation as above, resuspended in 15 µl of NuPAGE LDS Sample buffer 4x (Invitrogen, CA), heated to 70(C for 10 min, and pelleted by centrifugation at 10,000 X g, 5 minutes. The supernatant was carefully collected and the bead slurry was washed with an additional 15 (l of water, pelleted by centrifugation and the supernatant collected and combined with the first one. 30 µl of each supernatant were resolved by electrophoresis in a 4-12% gradient SDS-polyacrylamide gel (NuPAGE Novex Bis-Tris gels, Invitrogen, CA). SeeBlue Plus2 Pre-Stained Standard (Invitrogen, CA) was used as protein molecular size markers. EGFR autophosphorylation was detected by Western blot using an anti-phosphotyrosine antibody Tyr(P) (PY99, Santa Cruz Biotechnology, CA), and total EGFR was detected by an anti-EGFR antibody (Upstate, Inc, VA). 
Western Blotting. The exact procedure was followed as described in “Western Transfer Protocol” enclosed with NuPAGE Novex Bis-Tris gels (Invitrogen, CA). The samples from the polyacrylamide gel were transferred to a polyvinylidene fluoride membrane using Transblot SD semi-dry transfer cell (Bio-Rad, CA). The membrane was then incubated in 25 ml of blocking buffer, 20 mM Tris-HCl pH 7.6, 137 mM NaCl, and 3% BSA, for 1 h at room temperature with gentle rocking (using The Belly Dancer/Hybridization water bath from Stovall Life Science, NC), and then incubated with primary antibody (added directly to blocking buffer), anti-phosphotyrosine antibody Tyr(P) (PY99, Santa Cruz Biotechnology, CA), which is a mouse monoclonal IgG, 1:1000 dilution, with gentle agitation overnight at 4° C (using L.E.D. Orbit Shaker from Lab-Instruments, IL, in a cold room, 30 rpm). After 3 washes, 5 minutes each, in 15 ml wash buffer, 20 mM Tris-HCl pH 7.6, 137 mM NaCl, 0.1% Tween-20, 1% BSA, the membrane was incubated for 1 hour with horseradish peroxidase-conjugated goat anti-mouse antibody (Cell Signaling Technology, MA), 1:2000 dilution in 15 ml blocking buffer. The membrane was washed 5 times for 5 minutes with wash buffer at room temperature with gentle rocking, and once with TBS-T buffer, 20 mM Tris-HCl pH 7.6, 137 mM NaCl, and 0.1% Tween-20. The proteins were detected by incubating the membrane with 10 ml of LumiGlo solution, 0.5 ml 20x LumiGlo, 0.5 mL 20x peroxide solution, and 9 ml water, (New England Biolabs, MA) for 2 minutes at room temperature with gentle rocking, and by exposing the membrane to X-ray film, Hyperfilm ECL (Amersham, UK). The film was developed using SRX-101A medical film processor (Konica, Inc., Japan).
Stripping and reprobing for total EGF receptor. After successful detection of EGFR autophosphorylation, the membrane was stripped of the first set of antibodies at 50(C in a water bath with gentle rocking (Baxter Scientific Products shaking water bath YB-521) for 30 minutes using 20 ml of stripping buffer, 62.5 mM Tris-HCl pH 6.7, 2% SDS, 100 mM 2-mercaptoethanol. The membrane was then washed 2 times for 10 minutes in 25 mL of buffer 20 mM Tris-HCl pH 7.6, 137 mM NaCl at room temperature with gentle shaking (using The Belly Dancer/Hybridization water bath from Stovall Life Science, NC), blocked for 1 hour at room temperature with shaking using blocking buffer, and then incubated with primary antibody (added directly to blocking buffer sheep polyclonal IgG anti-EGFR antibody (Upstate, Inc, VA),1:1000 dilution, with gentle agitation overnight at 4° C (using L.E.D. Orbit Shaker from Lab-Instruments, IL, in a cold room, 30 rpm). After 3 washes at room temperature with shaking, 5 minutes each, in 15 ml wash buffer, the membrane was incubated for 1 hour with horseradish peroxidase-conjugated rabbit anti-sheep antibody (Cell Signaling Technology, MA), 1:2000 dilution in 15 ml blocking buffer at room temperature with gentle rocking. The membrane was washed 5 times for 5 minutes with wash buffer, and once with TBS-T buffer, 20 mM Tris-HCl pH 7.6, 137 mM NaCl, and 0.1% Tween-20 also with gentle rocking at room temperature. The proteins were detected by incubating the membrane with 10 ml of LumiGlo solution, 0.5 ml 20x LumiGlo, 0.5 ml 20x peroxide solution, and 9 ml water, (New England Biolabs, MA) for 2 minutes at room temperature with gentle rocking, and by exposing the membrane to X-ray film, Hyperfilm ECL (Amersham, UK). The film was developed using SRX-101A medical film processor (Konica, Inc., Japan).

Analysis of cell lysates for total EGFR protein. In addition to stripping and reprobing, cell lysate samples were also analyzed for total EGF receptor protein using the Western blot procedure described above and the same immunostaining protocol (and antibodies) as described in the “Stripping and reprobing” section. Two different amounts, 0.5 and 1 (g of cell protein, of each lysate were loaded on two separate gels, in order to obtain optimal exposure of the film later.

EGFR signaling experiments in human dermal fibroblasts

The assay was very similar to the EGFR signaling experiment in MEFs described above except cell growth medium was FGM-2 (Clonetics, MD) without antibiotics, the serum-free medium was FBM (Clonetics, MD), and human recombinant EGF (Upstate, NY) was used instead of mouse maxillary EGF (Sigma, MO) at the same concentration, 3 ng/ml.

ERK1/2 MAP kinase assay in human dermal fibroblasts

To assess the role of gangliosides in the cumulative cell signaling through many growth factor receptors collectively, MAP kinase activity was measured in ganglioside-less human dermal fibroblasts (GM3 synthase -/-) and compared to the age-matched control fibroblasts. The MAP kinase activity was measured by Western blot as the amount of phosphorylated Erk1/Erk2 in lysates after the cells were serum-starved for 24 hours and then stimulated with 0.7% serum for 5 minutes. In addition, each cell type was analyzed for steady state MAP kinase activity under normal growth conditions (~ 70% confluency after 2 days of growth in FGM-2 medium (Clonetics)) and the levels compared between GM3 synthase-null fibroblasts and age-matched controls. In more detail, the procedure was as follows.

Cell culture and serum starvation/ stimulation. Four cell types were used in this experiment (Normal-1, Mutant-1, Normal-2 and Mutant-2) and cells within each cell type were subdivided into two groups: a) control cells (serum starvation and no stimulation thereafter), b) experimental group, i.e. the cells serum-starved for 24-hours and then stimulated with 0.7% serum for 5 minutes. Each group of cells was seeded in a well of a 6-well plate. 2 x 105 MEFs were seeded per well in 6-well plates in FGM-2 medium (Clonetics). The serum-free medium was FBM (Clonetics), and during the 5-min stimulation step, 0.7% serum was added to FBM. Upon reaching 90% confluency (in 2 days), the human dermal fibroblasts were incubated in serum-free medium for 24 hours. Then, the culture medium was removed, and the experimental groups of cells within each genotype were exposed to 0.7% in serum free medium for 5 min at 37 °C. Control cells were incubated at the same time with serum free medium (FBM, Clonetics). 

Preparation of Cell Lysate. All media were removed quickly from the 6-well plates and the same lysis protocol was used as described above for EGFR assays.
MAP kinase phosphorylation assay. 1 (g and 2 (g (in separate assays) of cell protein from each lysate were resolved by electrophoresis in a 4-12% gradient SDS-polyacrylamide gel (NuPAGE Novex Bis-Tris gels, Invitrogen, CA). SeeBlue Plus2 Pre-Stained Standard (Invitrogen, CA) was used as protein molecular weight markers. Erk1/Erk2 MAP kinase phosphorylation was detected by Western blot using an anti-phospho-MAP kinase antibody (Cell Signaling Technology, MA), and total Erk1/Erk2 MAP kinase was detected on a separate SDS-PAGE gel (with the same amount of lysates loaded) using an p44/42 MAP Kinase Antibody (Cell Signaling Technology, MA) as described in the following section. 
Western Blotting. The same Western blotting and immunostaining procedure was performed as described above for EGFR experiments except the primary antibody was phospho-p44/42 MAP kinase (Thr202/Tyr204) antibody  (rabbit polyclonal, Cell Signaling Technology, MA) and the secondary antibody was horseradish peroxidase-conjugated goat anti-rabbit antibody (Cell Signaling Technology, MA). 

Stripping and reprobing for total MAP kinase were not performed. Instead, a new electrophoresis and Western blot were performed as described above with the same amount of cell lysate, 1 and 2 (g (on separate gels) of each sample, using a different primary antibody, p44/42 MAP kinase antibody (Cell Signaling Technology, MA), which is a rabbit polyclonal antibody, 1:1000 dilution in blocking buffer.


After the film was developed, in all Western blot experiments, it was scanned in “positive-film” mode and the bands were quantified using Scion Image (NIH, Bethesda).

RESULTS

Section I. Limited success of genetic disruption of GM3 synthase in human cells

In order to elucidate the role of gangliosides in cell signaling (originally, we planned to study the role of gangliosides in tumor development) we needed to inhibit cellular ganglioside synthesis and we employed two genetic approaches: antisense transfection and gene targeting via homologous recombination in human cell lines. Both approaches targeted GM3 synthase, a key enzyme in the biosynthesis of gangliosides, whose inactivation was expected to eliminate virtually all gangliosides from the cell quantitatively and specifically. As described below, the antisense approach resulted in only a temporary downregulation of cellular gangliosides. With respect to gene targeting of GM3 synthase gene, we were not able to achieve successful homologous recombination between gene targeting vectors and a target locus of GM3 synthase gene. We did however obtain a somewhat unrelated positive result in that we developed an effective and quick method for creation of long recombinant DNA molecules.

Stable DAOY cell lines transfected with GM3 synthase antisense construct

We chose human medulloblastoma DAOY cells for antisense inhibition of GM3 synthase because originally we planned to test the effect of ganglioside inhibition on tumor development in immunodeficient mice, and much of the previous work in our laboratory was focused on glycobiology of medulloblastoma and other tumors of neuroectodermal origin. The antisense plasmid intended for transfection into DAOY cells was prepared by ligation of 530 bp region of GM3 synthase cDNA covering translation start into pCI-neo mammalian expression vector in antisense orientation. A control plasmid contained the same fragment in sense orientation. After transfection by electroporation, a total of 38 drug resistant clones and controls were obtained. 

Seventeen drug-resistant clones of DAOY cells transfected with antisense (12 clones), sense (3 clones), or empty plasmids (2 clones) were analyzed for total ganglioside content using total lipid extraction and diisopropyl ether: 1-butanol partition. Shown in Fig. 5 are the HPTLC ganglioside patterns of seven clones, and Fig. 6 summarizes total ganglioside counts of all 17 clones studied and two measurements of untransfected DAOY cells. One of twelve antisense clones, 7.2A, had an approximately 70% reduction in the ganglioside concentration at passage 5, compared to sense and sham controls (Fig. 6). This clone, 7.2A, did not show any obvious qualitative change in the ganglioside complement (Fig. 5). The degree of inhibition of ganglioside synthesis was not as pronounced in other antisense clones (Figs. 5 and 6).

Figure 5. HPTLC analysis of gangliosides, isolated from passage 5 of antisense and sense transfected DAOY cells. One of the antisense clones, 7.2A, shows notable depletion of gangliosides compared to controls, although there is certain variability among untransfected and sense-transfected clones as shown in the next figure.

Gangliosides from 3 x 106 cells were spotted in each lane. 3 and 5 correspond to 3 and 5 nmol LBSA of human brain gangliosides (markers); sh2 – sham control; 2s, 2.2S – sense transfected DAOY cells; 1.2a, 2.2a, 7.2a, 10.2a – antisense transfected clones. The numbers in the names of clones reflect the number of a Petri dish, the number of a clone in a Petri dish (during drug selection) and A or S for antisense or sense respectively.
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Figure 6. Densitometric quantitation of HPTLC data. Ganglioside content (shown on the Y-axis in nanomoles of lipid-bound sialic acid per 108 cells) of various DAOY cell clones transfected with GM3 synthase antisense, sense or empty vector is shown as a dot for each cell clone. One of the antisense clones, 7.2A, shows notable downregulation of gangliosides compared to controls. These are results of one measurement, although 2 separate ganglioside isolations and measurements were performed for clones 7.2A, 3.2S, sham control and untransfected DAOY cells as shown in the next figure. Densitometry was performed on all ganglioside bands for each clone, i.e. purple-colored bands after resorcinol staining.
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The antisense clone 7.2A was analyzed further at a later passage (eight) and the inhibitory effect of GM3 synthase antisense transfection on cellular gangliosides, namely, the ~ 70% reduction of ganglioside level, was confirmed (Fig. 7). This was established both on a per cell basis (46 nmol LBSA per 108 cells) and as content per unit of total cellular protein (0.85 nmol LBSA per mg cellular protein), compared to control DAOY cells, (148 nmol LBSA per 108 cells (average of two measurements, Fig. 6) or 2.7 nmol LBSA per mg of cellular protein). These data are consistent with the concentrations reported previously for DAOY cells [25, 39]. 

Figure 7. Additional HPTLC analysis of gangliosides, isolated from passage 8 of either antisense or sense transfected DAOY cell clones. There is still a substantial inhibition of ganglioside biosynthesis in anti-sense transfected cells at passage 8 (clone 7.2A).

Gangliosides from 3 x 106 cells were spotted in each lane. M1 and M2 correspond to 3 and 6 nmol LBSA of bovine brain gangliosides (markers); Lane 1 – untransfected DAOY cells; Lane 2 – sham control cells; Lane 3 – sense transfected clone 3.2s; Lane 4 – antisense transfected clone 7.2a (passage 8).
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Incorporation into genomic DNA and expression of antisense vector in DAOY transfectants

To confirm that the inhibitory effect on ganglioside content was caused by GM3 antisense transfection, we analyzed the expression of antisense mRNA in clone 7.2A (Fig. 8). RT-PCR assay demonstrated that at passage 9, antisense mRNA was expressed in the antisense clone 7.2A (Fig. 8), while the sense mRNA fragment was expressed in a randomly chosen sense transfected clone. It should be noted that complete sense mRNA is expressed in all DAOY cells and the primers that we used to detect the sense mRNA fragment expressed by vector pCI-neo do not detect endogenous mRNA (one of the primers is specific for the vector backbone). Both the antisense and sense mRNA (fragment) species were absent from sham-transfected (empty plasmid), untransfected DAOY cells (Fig. 8). 

To further characterize the functional impact of the antisense inhibition, we investigated the GM3 synthase enzyme activity in the antisense and sense clones using a metabolic radiolabeling assay (Fig. 9). These studies were conducted on cells at passage 13. Surprisingly, the assay did not show a significant difference in enzyme activity between the antisense clone 7.2A and a control sense clone (Fig. 9, left panel), suggesting that the antisense effect had disappeared by this time. This prompted us to analyze ganglioside content and antisense RNA expression of clone 7.2A again. 

Figure 8. RT-PCR analysis of antisense mRNA expression in passage 9 of clone 7.2a and controls. As one can see, antisense mRNA is expressed in the antisense-transfected clones, and not expressed in controls (see also Fig. 10).

For all reactions, a common reverse primer was used.  A forward primer specific for the sense cassette or transcript is shown as S in figure, and a forward primer specific for antisense cassette or transcript is shown as A. Only one or the other was used in each reaction.


M – DNA molecular size markers (Promega); 1 - mRNA from untransfected cells, primer S; 2 – the same with primer A; 3 - mRNA from sham-transfected cells, primer S; 4 – the same with primer A; 5 - mRNA from sense clone 3.2s, primer S; 6 – the same with primer A; 7 - mRNA from antisense clone 7.2a (passage 9), primer S; 8 – the same with primer A.
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Figure 9. Metabolic radiolabeling of cellular gangliosides (GM3 synthase activity assay) in antisense and sense transfected DAOY cells (passage 13). As the figure shows, at passage 13, the difference between the antisense and a control cells (sense fragment transfected clone 3.2S) has disappeared in terms of GM3 synthase activity (metabolic assay) as well as ganglioside content.

Left panel: Each bar represents 1.8 x 106 cells; light bars – antisense clone 7.2a, dark bars – sense clone 3.2s. Passage 13 cells were cultured in the presence of 1.6 (Ci/mL of D-[6-3H] glucosamine hydrochloride (30.9 Ci/mmol) and D-[6-3H] galactose for 48 hours, then one half of the cells (one flask) were harvested and ganglioside-associated activity analyzed (bars shown at 48 hours). The remaining cells were washed free of the label and cultured for an additional 48 hours, then harvested and analyzed in the same manner (bars shown at 96 hours). The experiment was performed once.

The right panel shows the results of ganglioside quantitation in clone 7.2A passage 10. Lane 1 – antisense transfected clone 7.2a, passage 10 (marked as 7.2Ap10) Lane 2 – sense transfected clone 3.2S, passage 10 (marked as 3.2Sp10). The markers are not shown (the actual plate was bigger), but the most abundant ganglioside of DAOY cells, GM2 [39] is labeled.
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Because of the surprisingly unchanged rate of ganglioside synthesis noted above, we analyzed ganglioside content of clone 7.2A for the third time, this time at passages 10 and 13 (passage 10 is shown in Fig. 9, right panel). This analysis revealed that the antisense clone 7.2a had reverted to the wild type level of gangliosides beginning at passage 10. This sudden disappearance of the antisense effect (between passages 8 and 10, see Figs. 7 and 9) did not affect drug-resistance of clone 7.2a, since all clones except untransfected DAOY cells were maintained in a medium containing 0.1 mg/ml geneticin. In addition, PCR analysis (Fig. 10) revealed that both the antisense cassette was present in the genome of 7.2a cells and that antisense mRNA was still expressed at passage 13. 

To establish whether the disappearance of the antisense effect was due to a change in antisense mRNA expression in different passages of clone 7.2A, we used semi-quantitative (comparative) RT-PCR to compare two passages of clone 7.2A and an antisense-transfected clone 6.2A that does not have a reduction in cellular gangliosides. The earliest passage of 7.2A that was available was passage 8 (also the last passage that was confirmed to have phenotypic reduction in gangliosides), the earliest passage available for mRNA quantitation was passage 9 (passage 8 grown to a confluent T-25 flask and harvested). We performed pairwise comparisons of antisense mRNA concentrations between cDNAs isolated from these three cell populations: clone 7.2A passage 9, clone 7.2A passage 13, and clone 6.2A passage 8. In order to distinguish between cDNAs from different clones, reverse transcription reactions were performed in such a way that cDNAs of clone 7.2A passage 9 are longer by 40 bp than those of clones 6.2A and 7.2A passage 13 (because for clone 7.2A passage 9, the primer used for the 

Figure 10. RT-PCR analysis of antisense mRNA expression in passage 13 of clone 7.2a and controls. As shown in the figure, antisense mRNA is still expressed in clone 7.2A at passage 13 and the expression vector is still integrated in the genome, despite disappearance of the phenotype of reduction in gangliosides.

PCR analysis of genomic DNA for the presence of GM3 synthase antisense cassette is shown as well. For all reactions, a common reverse primer was used. A forward primer specific for the sense cassette or transcript is shown as S, and a forward primer specific for antisense cassette or transcript is shown as A. Only one or the other was used in each reaction.


1 - mRNA from antisense clone 7.2a (passage 13), primer A; 2 - mRNA from sense clone 3.2s (passage 13), primer S; 3 – genomic DNA from antisense clone 7.2a (passage 13), primer A; 4 – genomic DNA from sense clone 3.2s (passage 13), primer S; 5 – genomic DNA from untransfected DAOY cells, primer A; 6 – genomic DNA from untransfected DAOY cells, primer S; M – DNA molecular size markers (Promega, WI).
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reverse transcription reaction was 40 nucleotides longer). Figure 11 shows that a pairwise comparison in these clones revealed an increase in the antisense mRNA level of clone 7.2A from passage 9 to 13, which is in contrast to the phenotypical disappearance of the antisense effect from passage 8 to passage 10 and 13 of clone 7.2A. Clone 6.2A (which never had a phenotypic decrease in gangliosides) had a somewhat higher level of antisense mRNA than clone 7.2A passage 9, which was estimated to have a phenotypical inhibition of ganglioside synthesis. These data suggest that the level of antisense mRNA expression may not necessarily correlate with the effectiveness of antisense inhibition as seen in a phenotype of a clone: the semiquantitative assay of antisense mRNA expression described above showed that the clone with the strongest antisense effect (it had inhibition of ganglioside synthesis) had the level of antisense mRNA that is lower than that of clones which do not show inhibition of ganglioside synthesis. Comparison of figures 8 and 10 would lead to a similar conclusion. Since this was a semiquantitative assay, we could assume that the observed increase in antisense mRNA is within the error rate of the method and make a more conservative assessment that the level of antisense mRNA stayed roughly the same (did not decrease) from passage 9 to passage 13 of clone 7.2A. This still leaves us with an interesting observation that the phenotypical manifestation of the antisense effect disappeared despite continued unchanged expression of antisense mRNA, and possible mechanisms of this reversal will be discussed later, in the Discussion section. In summary, these data demonstrate that the antisense clone (7.2a), which had a ~70% reduction in total cellular gangliosides at passages 5 and 8, lost the antisense effect by passage 10 despite continued neomycin resistance and unchanged (or slightly increased) expression of antisense mRNA.

Figure 11. Comparative RT-PCR assay of antisense mRNA expression in different antisense clones and passages. Lane 2 shows that the expression of antisense mRNA did not decrease significantly from passage 9 to passage 13 of clone 7.2A, despite the disappearance of an inhibitory effect on the level of gangliosides.

Equal amounts (based on radioactivity) of cDNA from clones 6.2A passage 8, 7.2A passage 9, and 7.2A passage 13 were mixed pairwise and amplified with primers specific for the GM3 synthase antisense construct. cDNAs were prepared using IntraSpec Comparative RT-PCR Kit (Ambion, TX) in such a way that all cDNAs in clone 7.2A passage 9 are longer by 40 bp than those in clones 6.2A and 7.2A passage 13 (because for clone 7.2A passage 9, the primer used for the reverse transcription reaction was 40 nucleotides longer). Since pairwise mixtures of cDNAs will compete for the same primers in each PCR, different intensity of the bands will reveal differences in the amounts of GM3 synthase antisense mRNA in the three samples. Control lane 3 shows a single band of increased intensity, confirming that reactions with cDNA from clones 6.2A and 7.2A passage 13 each yield a single band of expected size. 

Note: Control reactions containing cDNA from each of the clones alone were performed separately and yielded a single band of expected size (not shown).
Lane 1: antisense mRNA from clone 7.2A passage 9 (upper band) compared to that of clone 6.2A passage 8 (lower band). Lane 2: antisense mRNA from clone 7.2A passage 9 (upper band) compared to that of clone 7.2A passage 13 (lower band). Lane 3: mixture of clones 7.2A passage 13 and 6.2A passage 8 (one band). M: markers of DNA molecular size (Promega, WI).
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Targeting of GM3 synthase gene in human HCT116 cells

In order to inactivate genes in human somatic cells, one would need to prepare sophisticated gene targeting constructs. While working on a gene targeting construct we developed a method for rapid and precise assembly of long recombinant DNA molecules (up to 20 kbp) from multiple fragments using PCR.

Long multiple fusion method

As one can see in the outline of the long triple fusion procedure (Fig. 12), homologous sequences introduced into adjacent ends of DNA fragments to be fused essentially allow the end fragments to act as giant chimeric primers on the middle fragment. This results in appearance of the longer DNA species in the mixture (Fig. 13), which consist of 2 or 3 fragments fused together, as revealed by agarose gel analysis (data not shown). This stage requires relatively low annealing temperature, because a) the concentration of complementary ends is low, b) they are shorter than expected and thus have lower melting temperature (discussed later). This is the essence of the part A of long triple fusion (Fig. 12). Part B allows one to selectively amplify only the triple fusion product using nested primers, and at this stage, annealing temperature should be high (around 68( C for primers with a melting temperature of 70-72() for best specificity of primers. 

Figure 12. Outline of long triple fusion (sizes of fragments are not to scale). The method consists of three major steps [224]. During the first step the fragments are amplified from the original source using chimeric primers carrying overlapping sequence at their 5' ends; then, at the second step, the fragments are allowed to anneal and form intermediary products (PCR Step A); and finally, the recombinant end product is amplified (PCR Step B). The correctness of the assembly is then verified using agarose electrophoresis and/or sequencing of critical regions.
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Figure 13. Mechanism of triple fusion at step A (primers are added at step B). Individual strands of DNA fragments and their 5’ and 3’ ends are shown. The flow chart shows theoretical stages of formation of double and triple fusion products. Each stage roughly corresponds to a PCR cycle (denaturation, annealing, and extension of primed 3’ ends). Overlapping ends (of identical sequence) of fragments are shown with identical coloring. Note that complementary ends have different fill patterns in the schematic. Triple fusion products are then amplified using nested primers at step B (not shown).
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Nested primers are required because long PCR frequently results in products that are somewhat shorter at the ends than expected and therefore cannot be re-amplified with the original primers (data not shown). 


A modification of the triple fusion allows one to join four fragments simultaneously as shown in Fig. 14. In this case, there are two primerless steps. First, two pairwise reactions are performed, and then the products of the two reactions combined and cycled to produce a quadruple fusion species. In the final step, an aliquot from the second primerless step is used to amplify the final product with nested primers. Equimolar concentrations of DNA fragments at each step of a long multiple fusion are essential to reduce the appearance of side-products at the final step.

We have successfully applied this method to produce recombinant DNAs of the following lengths: 3 kbp, 6.2 kbp, 10.8 kbp, and 20 kbp. The error rate of our PCR fusion method was less than one error per 6.6 kbp (discussed below). 

Figure 14. A brief outline of long quadruple fusion, which was successfully used to assemble an 11 kbp product [224]. The procedure can also be used for assembly of five fragments into products up to 11 kbp long. A more detailed procedure is outlined in Figure 1, with the exception of steps between PCR Step A and PCR Step B. For the quintuple fusion that we achieved successfully (Bryksin A. and Shevchuk N., unpublished data), we used pairwise fusions A+B and D+E, and then mixed those two products with Fragment C during PCR Step B.0.


[image: image3]

Initially, we assembled the 10.8 kbp construct from three fragments simultaneously (Fig. 15) using the approach outlined in Fig. 12. After this first long triple fusion was confirmed by sequencing and electrophoresis, we proceeded to optimize the procedure for longer constructs (20 kbp) and a greater number of fragments (four). An optimized triple fusion protocol enabled us to assemble a 20 kbp product from 11.2 kbp, 1.9 kbp, and 7.5 kbp fragments using the same approach. Figure 16, upper panel (lane 1) shows the product of long triple fusion of the above DNA fragments, and one can see that the yield and purity are worse than those of the 10.8 kbp product in Fig. 15, lower panel. As is the case with most regular long PCR products, there are some nucleoprotein aggregates at the start, which do not enter the gel (data not shown). 

Figure 15. The structure of the neomycin resistance gene based 11 kbp and 20 kbp recombinant products.


Upper panel. The schematic of the neomycin resistance gene based 20 kbp recombinant product. Below are shown the locations of the corresponding fragments used for 10.8 kbp triple fusion and 10.8 kbp quadruple fusion products.


Lower Panel. Electrophoretic analysis of the starting material and a 10.8 kbp product of long triple fusion in 0.5% agarose gel. Lane one: 1.9 kbp left arm, lane two: 1.7 kbp Neo-polyA cassette (second fragment), lane three: DNA 1 kbp step ladder (Promega), 2 kbp through 10 kbp; lane four: 7.5 kbp right arm; lane five: 10.8 kbp triple fusion product. Length of the product is not the same as the sum of initial fragments, because of the presence of overlaps and use of nested primers.





Fig. 16. Various long multiple fusion products analyzed by pulsed-field electrophoresis. 


Upper Panel. Lane one: 20 kbp product of fusion of fragments 11.2 kbp, 1.7 kbp (Neo-polyA), and 7.5 kbp; lane two: 10.8 kbp product of fusion of fragments 1.8 kbp, 1.7 kbp (Neo-polyA), and 7.5 kbp; lane three: a small aliquot of the quadruple fusion product described in the lower panel; lane four: high molecular size markers 8.3 kbp through 48.5 kbp (BioRad, CA), from bottom to top: 12.2 kbp, 15.0 kbp, 17.1 kbp, 19.4 kbp, 22.6 kbp, 24.8 kbp, 29.9 kbp, 33.5 kbp, 38.4 kbp, and 48.5 kbp; lane five: 11 kbp product of fusion of fragments 1.8 kbp, 1.7 kbp (Hygro-polyA), and 7.5 kbp; lane six: 20 kbp product of fusion of fragments 11.2 kbp, 1.7 kbp (Hygro-polyA), and 7.5 kbp. 

Note: Lanes 2, 3, and 5 contain smaller PCR products located at the very edge of the pulsed-field agarose gel and they are presented in more detail elsewhere (in the lower panel, Fig. 15, and in [218]).


Lower Panel. Electrophoretic analysis of the starting material and a 10.8 kbp product of long quadruple fusion in an 0.5% agarose gel. Lane one: 1.9 kbp first fragment, lane two: 1.7 kbp Neo-polyA cassette (second fragment), lane three: 3.6 kbp third fragment; lane four: 3.9 kbp fourth fragment; lane five: DNA 1 kbp step ladder (Promega), 1 kbp through 10 kbp; lane six: 10.8 kbp recombinant product. Length of the product is not the same as the sum of initial fragments, because of overlaps and use of nested primers.



The amount of these aggregates was less significant for the 10.8 kbp product (Fig. 15, lower panel, lane 5), nevertheless, further chromatographic or gel purification of long fusion products could be required. As estimated by agarose gel electrophoresis, a 50 (l PCR reaction yields about 1 (g of the 20 kbp product. The structure of the first 20 kbp construct is shown in Fig. 15, upper panel. We also assembled a 20 kbp product using a different middle fragment, hygromycin B resistance cassette instead of neomycin resistance (Fig 16, upper panel, lane 4). Both 20 kbp constructs are so-called promoterless targeting constructs [227], which contain: a left arm carrying a large first intron and translation regulatory sequence at the beginning of exon 2 of GM3 synthase gene; promoterless drug resistance gene with polyadenylation signal, i.e. Neo-polyA cassette (or Hygro-polyA cassette) inserted exactly at the translation start of GM3 synthase gene and replacing parts of exons 2 and 3 and all of intron 2; a right arm of GM3 synthase gene sequence downstream of exon 3 (Figs. 15, upper panel). As one can see in Fig. 15, upper panel, the 20 kbp Neo construct includes the above 10.8 kbp triple fusion product (Fig. 15, middle panel) and the 10.8 kbp quadruple fusion product (Fig. 15, middle panel) described below. The correct structure of the above long constructs was confirmed by sequencing (MCLab, CA) 300 to 500 bp across the two joints (Fig. 15, upper panel) between the fragments. 

Figure 16, lower panel, shows initial fragments 1.9 kbp (first), 1.7 kbp (second), 3.6 kbp (third), and 3.9 kbp (fourth) and the 10.8 kbp product of long quadruple fusion. The product is of significant yield and purity, containing very few side products (Fig. 16, lower panel, lane 6). It is estimated that a 50 (l PCR reaction yields about 3 (g of the recombinant product. To confirm the correctness of the structure of the 10.8 kbp product, it was partially sequenced (MCLab, CA). The sequencing covered about 400 bp around each of the three chimeric joints, and matched the expected sequence. There was no need to fuse the third and fourth fragments (3.6 and 3.9 kbp) because they are part of the 7.5 kbp fragment of GM3 synthase gene sequence (Fig. 15, lower panel). Nevertheless we amplified the third and fourth fragments such that they overlap by 60 nucleotides theoretically (less than 60 in reality due to shortening of high-fidelity PCR products, discussed below) solely to test our quadruple fusion approach, after we successfully assembled the 10.8 kbp construct from the three fragments (Fig. 15, middle panel). 

Originally, we had made an attempt at assembling the above constructs (Fig. 15, upper panel) by means of restriction digestion and ligation; however, the complexity of precise construction of a product that is longer than 8 to 10 kbp was overwhelming. The approach proposed in this work facilitates the task significantly. 

We also assembled shorter products (Fig. 17, upper panel) from a different region of human GM3 synthase gene and a modified green fluorescent protein (Monster GFP) sequence found in phMGFP vector (Promega, WI). Electrophoretic analysis of the component fragments and final products is shown in Fig. 17, lower panel. Correct structure of these 6.1 kbp and 6.2 kbp constructs was also confirmed by sequencing across fusion points. Additional constructs, which are based on hygromycin B resistance gene, are shown in Fig. 18. To verify error rate of our method, we sequenced about 6.6 kbp of the 10.8 kbp triple fusion product (shown in Fig. 15), and compared the sequence to the sequence of human GM3 synthase found in GenBank. 

Figure 17. Structure of constructs GFP One and GFP Two. 


Upper panel: Schematics of constructs GFP One (upper panel) and GFP Two (lower panel). Each of these constructs was synthesized from three fragments: the left arm (up to Exon 3 start, about 2.3 kbp), startless GFP, 680 bp (it has no initiation codon and no RBS), and the right arm (about 3.6 kbp). Exons and introns are from human GM3 synthase gene. 


Lower panel: Electrophoretic analysis of GFP-based targeting constructs.

Left gel: amplification of components from non-isogenic genomic DNA (homologous regions) and phMGFP plasmid vector (GFP protein coding region).

Lane 1- GFP fragment (680 bp) amplified with chimeric primers (85 nucleotides each) specific for targeting construct One; lane 2 - GFP fragment (680 bp) amplified with chimeric primers (85 nucleotides each) specific for targeting construct Two; lane 3 – left homologous arm (2.3 kbp, the same for both constructs); lane 4 – right homologous arm (3.6 kbp) for construct One; lane 5 – right homologous arm (3.6 kbp) for construct Two; lane M – markers of DNA molecular size, 1 through 10 kbp. The unmarked lane contains a 7.5 kbp PCR product (right arm) for the 10.8 kbp fusion project (Fig. 15).

Right gel: PCR products obtained using long triple fusion method. Lane 1 – targeting construct GFP One, 6.1 kbp (see Fig. 10, upper panel); lane 2 - targeting construct GFP Two, 6.2 kbp (see Fig. 10, lower panel); lane M - markers of DNA molecular size, 1 through 10 kbp.




Figure 18. Structure of targeting constructs Clueless Hygro 3 and Clueless Hygro 4. Vector Clueless Hygro 3 lacks a promoter and also has a “rogue” splicing signal (see explanation below) shown on the left. Vector CH4 lacks most regulatory signals for gene expression: (promoter, RBS, translation initiation, stop codon, and polyA signal). It is expected to be expressed (as a fusion to the short N-terminal peptide of GM3 synthase) only if it undergoes homologous recombination. It is expected to be silent in the event of a random insertion because it would lack one or another signal necessary for expression (and/or undergo a frame-shift). 

Note: A “rogue splicing signal” is a splicing signal located at one (or both) of the termini of a gene targeting construct. A usual targeting construct contains two splicing signals for each exon inside the construct and none at the ends of the construct. This rogue splicing signal is created when a full length intron is used as one of the homology arms in a gene targeting construct. This extra splicing signal at the end is likely to disrupt expression of the marker gene contained in the gene targeting construct when the targeting construct gets inserted randomly between two exons of some gene. The disruption could happen, for example, through conversion of the inserted targeting construct into an intron (this is not expected to happen for a homologous recombination event).




All mismatches between the expected sequence and the raw data were verified manually by visual inspection of alignments and chromatograms. In this 6.6 kbp region of completed good-quality sequence, we found four base changes. Other deletions/insertions and substitutions were eliminated as erroneous reads of chromatographic peaks, since most of the sequence was covered twice or more. All substitutions that we found correspond to known single-nucleotide polymorphisms in this region of GM3 synthase (sialyltransferase 9) gene [218]. Therefore, the changes most likely resulted from the natural differences between the genomic DNAs, our BAC clone of the gene and the DNA used in the Human Genome Project, rather than from PCR errors. It follows that the error rate of the long triple fusion method is less than or equal to one change per 6.6 kbp.

Identification of PCR-positive clones

After HCT116 human colon adenocarcinoma cells were transfected with gene targeting constructs, drug-resistant clones were screened for homologous recombination events using PCR as described in Fig. 19. The figure shows clones transfected with 11 kbp neomycin promoterless construct as an example. Since PCR product sizes are very similar (the long PCR product on the right side is ~ 0.5 kbp longer in the wild type), this assay tests for presence or absence of specific PCR bands, rather than a difference in the size of PCR products. The mechanism of a successful homologous recombination event that would lead to disruption of a gene is shown in Fig. 20. The left and the right arms of the gene targeting construct will undergo recombination with homologous sequences of 

Figure 19. PCR analysis of homologous recombination events in drug-resistant transfectant clones. Clones transfected with 11 kbp neomycin promoterless construct are shown as an example. Since PCR product sizes are very similar (the long PCR product on the right side is ~ 0.5 kbp longer in the wild type compared to the mutant locus), this assay tests for presence or absence of specific PCR bands, rather than a shift in the size of PCR products. In other words, in a PCR using the screening primers on the right side of the locus, DNA from a cell clone positive for a homologous recombination event is expected to yield a ~ 7.8 kbp PCR product, while wild type DNA (control cell clone) is expected to yield no product. On the other hand, a PCR reaction with control primers is expected to yield a ~ 7.3 kbp PCR product for a wild type cell clone, and no product for a cell clone homozygous for the GM3 synthase knockout (the band will be present in a PCR with a heterozygous clone).



Figure 20. A replacement mechanism of homologous recombination shown with 11 kbp neomycin promoterless targeting construct as an example. The left and the right arms of the gene targeting construct will undergo recombination with homologous sequences of the target gene, which will lead to the replacement of a portion of the gene with the marker gene, in this case, the neomycin resistance gene. Random insertion of transfected DNA in a non-homologous site is far more frequent in human somatic cells than homologous recombination [217].



the target gene, which will lead to the replacement of a portion of the gene with the marker gene, in this case, the neomycin resistance gene. Random insertion of transfected DNA in a non-homologous site is far more frequent in human somatic cells than homologous recombination [217]. The summary of all transfections and screening procedures is shown in Fig. 21. Clones CH3.28 and CH3.49 were derived from clone 26.cor by transfecting it with Clueless Hygro 3 targeting construct shown in Fig. 18, upper panel. Clone 26.cor was obtained by transfecting wild type HCT 116 cells with 11 kb neo-promoterless targeting construct, shown in Fig. 15 middle panel. Several PCR-positive clones were identified as shown in Fig. 22. For example, lanes 1, 3 and 11 show bands of approximately expected size (~ 1.8 kb) in Fig. 22, suggesting that the corresponding cell clones could be candidates for successful targeting of one copy of GM3 synthase gene. It should be noted that lane 11 contains multiple shorter products along with the expected ~ 1.8 kb PCR product. This result could be due to multiple random insertions of the targeting construct in the genome of transfectant cells. 

Figure 21. The summary of transfection and confirmation procedures for clones 26.cor, #43, CH3.28, and CH3.49. Clones CH3.28 and CH3.49 were derived from clone 26.cor by transfecting it with Clueless Hygro 3 targeting construct. Clone 26.cor was obtained by transfecting wild type HCT 116 cells with 11 kb neo-promoterless targeting construct. As described later, Southern blot has shown that these PCR-positive clones contain no homologous replacement events in their genomes. Human colon adenocarcinoma cells HCT 116 have no more than two copies of the gene (chromosome # 2) on average.


[image: image4]

Figure 22. PCR-screening of drug-resistant transfectants (only 14 out of 94 screened clones are shown).  The expected size of a PCR product in clones with successful homologous recombination of the targeting vector is 1.8 kbp. 

Upper panel: Lanes 1, 3 and 11 show bands of approximately expected size (~ 1.8 kbp), suggesting that the corresponding cell clones could be candidates for successful targeting of GM3 synthase gene. Genomic DNA was isolated from each clone and analyzed using PCR. The two upper gels show 1.8-kbp PCR products that result from the primer set specific for a GM3 synthase gene targeting event (homologous recombination). The two lower gels show control reactions with the primer set specific for an intact GM3 synthase gene locus. Lanes 1, 3, and 11 show clones heterozygous for GM3 synthase (one gene copy replaced with the targeting construct). Clone 11 was further analyzed by PCR as described later.

Lower panel: A schematic of the PCR screening shown in the upper panel. This assay tests for presence or absence of specific PCR bands, rather than a shift in the size of PCR products. In other words, in a PCR using the screening primers, DNA from a cell clone positive for a homologous recombination event is expected to yield a 1.8 kbp PCR product, while wild type DNA (control cell clone) is expected to yield no product. Also, see Fig. 19.



The results of PCR-screening of various transfectants are summarized in Table 6. Some of the PCR-positive clones mentioned above were confirmed by additional different PCRs as shown in Fig. 23 and an attempt was made to sequence the PCR products to further confirm the candidate gene-targeted clones. Sequencing of those PCR products failed to confirm the homologous recombination event, namely, the sequence of PCR products could not be found in available human genome sequence databases (GenBank and Celera). This suggested that our PCR-positive clones were likely to be falsely positive for homologous recombination. Later, it was found that the unknown sequence of PCR products matches the insertion of Clueless Hygro 3 construct into 11 kb Neo promoterless targeting construct that we transfected into the cells previously (data not shown). This indicates that homologous recombination occurred between a gene targeting construct previously incorporated randomly into the genome (11 kb Neo promoterless) and a newly transfected targeting construct (Clueless Hygro 3), possibly leaving the GM3 synthase gene fully intact. The misleading confirmation data from PCR screening and from sequencing of PCR products are most likely due to the fact that the homologous sequence of the second gene targeting construct (Clueless Hygro 3) is largely contained within the homologous sequence of the first gene targeting construct (11 kbp Neo-promoterless), which was unfortunately overlooked during the planning of the gene knockout project. In order to verify whether a copy of GM3 synthase gene was targeted in addition to random insertions of targeting constructs, we performed FISH and Southern blot analyses as described below.

Table 6. Summary of PCR screening of HCT116 cells transfected with gene knockout constructs targeting GM3 synthase.

	
	Neo Promoterless
	Hygro Promoterless
	Hygro Clueless 3
	Hygro Clueless 4

	PCR-positive clones
	3
	1
	4
	1

	Total drug resistant clones
	94
	49
	61
	60


Figure 23. PCR products used for sequencing confirmation of homologous recombination in clones CH3.28 and CH3.49. All PCR reactions include one primer specific to the Hygro-polyA cassette and one primer binding outside of the locus replaced by the targeting construct Clueless Hygro 3. None of the PCR reactions yielded any products when DNA from untransfected cells, parent clone (26.cor), or other clones from the same transfection batch was used. Equal amounts of genomic DNA were used in all PCRs, approximately 100 ng per 50 (l reaction volume.

Panel A: Amplification of a 2.5 kbp PCR product on the left side of the recombination locus. Clone CH3.28 yielded a shorter than expected band 2 kbp long, however sequence matched the expected sequence for a homologous recombination event (the same was the case for clone CH3.49) when about 300 bp were sequenced from both ends of the PCR product. When additional sequencing was performed on the PCR products, we detected the Neo-resistance cassette, suggesting that the second gene targeting construct (Clueless Hygro 3) recombined with the (randomly inserted) first gene targeting construct (11 kbp Neo-resistance based construct).


Panel B: PCR product of expected size 3.7 kbp on the right side of the recombination locus from clone CH3.28. About 300 bp were sequenced at each end of the PCR product, and the sequence matched that expected for a homologous recombination event. As described above for panel A, the sequence data could also mean that the second targeting construct (Clueless Hygro 3) recombined with the (randomly inserted) first targeting construct.



Analysis of PCR-positive HCT116 clones using FISH and FACS


Since PCR can often lead to false positive results due to the ability of primers to bind to slightly mismatched sequences, we also analyzed the PCR-positive clones by fluorescent in situ hybridization. FISH analysis revealed that clone “#43” has an insertion of the targeting construct (11 kbp Hygro-promoterless) in the wrong locus on chromosome 2, near the telomere instead of the centromere region 2p11-12, where human GM3 synthase gene is known to be located (Fig. 24). This non-specific insertion was also accompanied by an approximately 100-fold amplification of the insert (Fig. 24). No fluorescent signal was detected in the gene-specific locus 2p11-12, suggesting that the clone was falsely PCR-positive. Similar FISH results were obtained with clones CH3.28 and CH3.49, i.e. they did not have a fluorescent signal in the target locus 2p11-12 and instead had multiple insertions elsewhere in the genome (data not shown). It should be noted, however, that FISH analysis with fluorescent probes as short as ours (~ 11 kbp and shorter versus the recommended length of 50 kbp or more) is expected to have low sensitivity and could easily result in falsely negative results (a successful homologous recombination event could go undetected).


Additionally, some of the HCT116 cells transfected with GFP-based targeting constructs were screened using FACS for fluorescence. The fluorescent cells were then grown into colonies and screened by PCR. No PCR-positive clones were identified among those transfectants and fluorescence was also not detectable after a number of passages in culture (from single cell colony to T-25 flasks).

Figure 24. Fluorescent in situ hybridization analysis of clone #43 for a homologous recombination event in the GM3 synthase gene locus (see also Fig. 21). The upper panel shows metaphasic chromosomes of clone #43 and the lower panel shows metaphasic chromosomes of untransfected HCT 116 cells. GM3 synthase gene is located near the centromere of chromosome 2 (region 2p11-12); the chromosome 2 was stained with a green fluorescent probe (~ 200 kbp) and is shown in the photographs with arrows. The gene targeting construct-specific probe used in both panels is red; the probe was the 10.8 kbp Hygro-promoterless targeting construct (similar to the 10.8 kbp Neo-promoterless construct shown in Fig. 15, also see [218]) labeled with a red-fluorescent dye. One can see in the upper panel that there is no signal in the expected homologous recombination locus, suggesting that clone #43 is negative for a GM3 synthase gene targeting event. In addition, there is a non-specific insertion of the targeting construct near a telomere of one of the chromosomes 2, combined with substantial amplification of the inserted DNA. 

Limitations of this assay are explained in the text.



Negativity of all PCR-positive transfectants according to Southern blot analysis

Since Southern blot is considered to be the most rigorous method of analyzing cells for homologous recombination events, we also used several different Southern blot analyses with different 32P-labeled probes to study our PCR-positive clones. Several different Southern blot analyses showed that all of our PCR-positive clones were negative for homologous recombination events in the GM3 synthase gene locus. Figure 25 shows restriction maps for Southern blot analysis of clone “26.cor” transfected with 11 kbp neo-promoterless gene targeting construct. Digestion of the genomic DNA with restriction enzyme Mfe I, and subsequent Southern blot were expected to yield a band corresponding to a 16 kbp DNA fragment for an intact copy of GM3 synthase gene and approximately a 9.5 kbp band for a copy of GM3 synthase gene that has been successfully disrupted by the gene targeting construct 11 kb neo-promoterless. Figure 26 shows the Southern blot analysis (outlined in Fig. 25) of the PCR-positive clone “26.cor”, which was obtained by transfection of HCT116 cells with 11 kbp Neo-promoterless construct (Fig. 15, middle panel). A successful gene targeting event is expected to result in a mutant 9.5 kbp restriction fragment and a 16 kbp wild type restriction fragment (Mfe I digest) on the Southern blot, while wild type cells are expected to only have a 16 kbp restriction fragment that will hybridize with the radioactive probe. Since both clones show only a 16 kbp band in their electrophoretic pattern, this suggests that HCT116 cell clone 26.cor is wild type (+/+) for GM3 synthase gene. Figures 27-29 deal with the analysis of possible homologous recombination events after transfection of 26.cor cells with Clueless Hygro 3 gene targeting construct (Fig. 18, upper panel).


Figure 25. Restriction maps for Southern blot analysis of clone “26.cor” transfected with 11 kbp promoterless neomycin construct. Digestion of the genomic DNA with restriction enzyme Mfe I, and subsequent Southern blot are expected to yield a band corresponding to a 16 kbp DNA fragment for an intact copy of GM3 synthase gene and approximately 9.5 kbp band for a copy of GM3 synthase gene that has been successfully disrupted by the gene targeting construct 11 kb neo-promoterless.


[image: image5]
Figure 26. Southern blot analysis of a PCR-positive clone “26.cor” obtained by transfection of HCT116 cells with 11 kbp Neo promoterless construct. The left panel shows the Southern blot, while the right panel shows the ethidium bromide-stained 0.5% agarose gel with the two restriction digests that was used for Southern blot analysis. A successful gene targeting event is expected to result in a mutant 9.5 kbp restriction fragment and a 16 kbp wild type fragment (Mfe I digest) on the Southern blot, while wild type cells are expected to only have a 16 kbp restriction fragment that will hybridize with the radioactive probe. Since both clones show only a 16 kbp band in their electrophoretic pattern, this suggests that both clones are wild type (+/+) for GM3 synthase gene. 10 (g of DNA were used in each restriction digest and the hybridization was performed at 65(C in Church buffer using probe “Ri3Pro”, 300 bp long.


Figure 27 shows a Southern blot that tests if there is only one insertion of the 7.2 kbp Clueless Hygro 3 construct in cell clones CH3.28 and CH3.49 or if there are many random insertions throughout the genome. It is expected that the radioactive probe used in this analysis will not hybridize to bands in untransfected cells (wild type and parent clone 26.correct). This is because probe “Hygro” binds only within the hygromycin B resistance cassette, which is normally absent from human genome. A correct recombination event would yield a single 4.4 kbp band on the Southern blot. Multiple random insertions of the targeting construct throughout the genome of clones CH3.28 and CH3.49 would produce multiple bands of widely different sizes. There were multiple bands of various sizes on that Southern blot (data not shown), suggesting that there are indeed many random insertions of the gene targeting construct throughout the genome of cell clones CH3.28 and CH3.49. Figure 28 shows a schematic of an additional Southern blot that was performed on clones CH3.28 and CH3.49 and control cells, it is called Southern blot D in the Materials and Methods section. This Southern blot analyzes cells transfected with the targeting construct Clueless Hygro 3 for homologous recombination events. Three different restriction enzymes, BamH I, Bsu36 I, and EcoN I, produce a similar pattern in the wild type and mutant locus. Namely, these enzymes yield a 1.5 kbp larger restriction fragment in the targeted (mutant) locus than in the wild type locus. 

Figure 27. Restriction digestion maps for Southern blot analysis of clones CH3.28 and CH3.49 transfected with Clueless Hygro 3 construct. This Southern blot tests if there is only one insertion of 7.2 kbp Clueless Hygro 3 construct in clones CH3.28 and CH3.49 or if there are many random insertions throughout the genome. There will be no bands in untransfected cells (wild type and parent clone 26.cor) as probe “Hygro” binds only within the hygromycin B resistance cassette. A correct recombination event would yield a single 4.4 kbp band on the Southern blot. Multiple random insertions of the targeting construct throughout the genome of clones CH3.28 and CH3.49 would produce multiple bands of widely different sizes.


[image: image6]
Figure 28. A schematic of Southern blot D, which analyzes cells transfected with construct Clueless Hygro 3 for homologous recombination events. Three different restriction enzymes, BamH I, Bsu36 I, and EcoN I, produce a similar picture in the wild type and mutant locus. Namely, these enzymes yield a 1.5 kbp longer restriction fragment in the targeted (mutant) locus than in the wild type locus. Restriction sites are shown as small vertical arrows. Probe LeftNew is shown as a yellow band. This Southern blot tests if homologous recombination has occurred with 7.2 kbp Clueless Hygro 3 construct in clones CH3.28 and CH3.49. Sizes of the bands expected to be detected on Southern blot D for a recombination event (ko) or a wild type locus (wt) with the restriction enzymes used:

BamH I :

9.8 kbp ko
 8.3 kbp wt

Bsu36 I :

9.7 kbp ko
 8.2 kbp wt

EconN I :

10.7 kbp ko 
 9.2 kbp wt


Unfortunately, the PCR-positive candidate clones CH3.28 and CH3.49 (and controls) only had bands of the size expected for a GM3S wild type (+/+) and none of the bands corresponding to a gene disruption event via homologous recombination (Fig. 29). As shown in Fig. 29, none of the mutant bands, which would be 1.5 kbp larger than wild type bands, appear on the Southern blot, suggesting that no homologous recombination events took place in clones CH3.28 and CH3.49 after transfection with gene targeting construct Clueless Hygro 3 and that all insertions of the targeting construct in the genome of those cells are random and non-specific. It should be noted that wild type restriction fragments obtained with enzymes BamH I and Bsu36 I are 8.3 and 8.2 kbp in size respectively, according to the human GM3 synthase (also known as sialyltransferase 9) gene sequence published in GenBank. The gel in Fig. 29 shows that these two wild type fragments differ by much more than 0.1 kbp, since electrophoresis in 0.5% agarose would not normally resolve such a small difference in size. The sequence and a restriction map of the wild type human GM3 synthase gene were verified and the restriction fragments are indeed predicted to be 8.3 and 8.2 kbp, to be precise, 8278 bp and 8181 bp long. This could be due to somewhat different sequence (GC-content) of the two fragments, which are shifted by about 1.8 kbp against each other on the sequence map, and this could result in different “rigidity” of the two DNA fragments and therefore a different electrophoretic migration pattern than would be expected based on molecular weight alone. Another explanation could be that the published sequence misses several hundred base pairs and the actual difference between the fragments is greater than 0.1 kbp. 

Figure 29. Southern blot analysis of clones CH3.28 and CH3.49 that were obtained by transfecting clone 26.cor with the 7.2 kbp Clueless Hygro 3 targeting construct. As one can see in the figure, all cell clones analyzed here are wild type (GM3S +/+) instead of the expected GM3S +/- genotype because none of their Southern blot patterns contains an expected mutant band. This Southern blot tests if homologous recombination has occurred with 7.2 kbp Clueless Hygro 3 construct in clones CH3.28 and CH3.49. These are the sizes of the bands expected to be detected on Southern blot D for a recombination event (ko) or a wild type locus (wt) with the restriction enzymes used:

BamH I :

9.8 kbp ko
 8.3 kbp wt

Bsu36 I :

9.7 kbp ko
 8.2 kbp wt

EconN I :

10.7 kbp ko 
 9.2 kbp wt

10 (g of DNA were used in each restriction digest and the enzymes are indicated at the top of the figure. The hybridization was performed at 65(C in Church buffer using probe LeftNew, 300 bp long. The ethidium bromide-stained gel with DNA molecular size markers is not shown because it would exceed the scale of the page. 

Note: Restriction fragments BamH I (8.3 kbp) and Bsu36 I (8.2 kbp) for wild type gene sequence show gel resolution that is greater than would be expected for a 0.1 kbp difference. See the text for explanation.



In summary, we did not achieve successful gene targeting of GM3 synthase gene via homologous recombination and, as was mentioned before, we were not able to obtain a stable inhibition of GM3 synthase using antisense transfection. This prompted us to search for other GM3 synthase-deficient models, which, fortunately, became available recently. One such model is mouse embryonic fibroblasts (MEFs) derived from GM3 synthase knockout mice, which is the subject of the next section. Another cell model is human dermal fibroblasts from patients with a homozygous mutation in the GM3 synthase gene, and it will be discussed later.

Section II. Characteristics of ganglioside-deficient mouse embryonic fibroblasts

Genotype, proliferation rates, and morphology of mouse embryonic fibroblasts from GM3 Synthase KO mice

A number of MEF clones from each genotype of mice (GM3 synthase wild type, heterozygote and homozygote) have been derived successfully from several different litters. There appeared to be no significant morphological differences among the three genotypes of MEFs (Fig. 30), and proliferation assays showed that there is no significant difference in proliferation rates either (Table 7). Although it appears that the proliferation rates are slightly lower in mutant fibroblasts compared to normal fibroblasts, the differences are not statistically significant according to Student’s T test (n = 4 and p values are 0.96, 0.73, and 0.54 for the three pairwise tests: wild type against heterozygote, wild type against homozygote, and heterozygote against homozygote respectively). 

Figure 30. Photographs of GM3S -/-, heterozygous and wild type mouse embryonic cells (MEF) in normal cell culture conditions. These data suggest that a change in cellular ganglioside level (caused by the disruption of GM3 synthase gene) does not have a significant effect on cellular morphology. The digital pictures were taken using a 10x phototube objective, but the actual magnification in printed photographs is approximately 450-fold.

Wild type, GM3S +/+
Heterozygote, GM3S +/-


Homozygote, GM3S -/-

Table 7. Average 2-day proliferation rates for GM3S -/- mouse embryonic fibroblasts and controls. These data suggest that a change in cellular ganglioside level (caused by the disruption of GM3 synthase gene) does not have a significant effect on cell proliferation. 

	Cell clone
	GM3S +/+
	GM3S +/-
	GM3S -/-

	mean

value
	2.00
	1.98
	1.85

	standard

deviation
	0.76
	0.24
	0.32


Note: The cells were seeded at approximately 105 cells per well of a 6-well plate and harvested on day 2 and day 4. The cells were counted and 2-day proliferation rates were calculated as ratios of cell counts on Day 4 to that on Day 2. The averages of these values (n = 4) obtained in two separate experiments are shown in the table.

These data suggest that a change in cellular ganglioside level, i.e. possible reduction expected in GM3S +/- cells and possible elimination of gangliosides in GM3S -/- cells, does not have a significant effect on cellular morphology and on the proliferation rate.

In each harvest of 13.5 day-old embryos from the cross of GM3S heterozygous parents, we often found one reabsorbed embryo and the number of GM3S -/- embryos was lower than expected statistically, i.e. less than 25% of a litter of embryos. This suggests that GM3S -/- embryos may be somewhat less likely to be carried to term than control embryos. An example of PCR genotyping results is shown in Fig. 31.

Figure 31. PCR screening of mouse embryonic fibroblasts obtained from (GM3S +/-) x (GM3S +/-) crossing. Briefly, primers 5’-AGCTCAGAGCTATGCTCAGGA-3’ and 5’-TACCACATCGAACTGGTTGAG-3’ (upper panel) were used to detect the wild-type copy of GM3 synthase gene (~ 400 bp PCR product). Primers 5’-CAATAGATCTGACCCCTATGC-3’ and 5’-TCGCCTTCTTGACGAGTTCTTCTGAG-3’ (lower panel) were used to identify the mutant GM3 synthase allele, yielding a ~ 300 bp PCR product. Lanes 1 through 6 contain PCR products from six siblings of the same litter. The gels are 1.6% agarose stained with ethidium bromide and the markers are 100 bp DNA ladder (New England Biolabs).

Fifty percent of effort in genotyping of mouse fibroblasts was kindly provided by Stephanie Munger and Su Yan.
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Altered ganglioside content of GM3 synthase +/- and -/- MEFs

Analysis of gangliosides from GM3S -/- mouse embryonic fibroblasts and control fibroblasts showed that there is about 40-50% reduction in the total level of gangliosides in the heterozygote compared the GM3S wild type (Fig. 32), and surprisingly, there is a small amount of gangliosides present in the homozygous MEFs. The latter gangliosides however seem to be completely different from those present in the wild type and heterozygote, and in addition, the total level of those gangliosides was about 25% of the total level in the GM3S wild type MEFs (about 75% reduction), as shown in Fig. 32, lower panel. We hypothesized that the unusual complement of gangliosides in the GM3S -/- fibroblasts belongs to the 0-pathway of ganglioside biosynthesis (Fig. 1), which was confirmed by mass spectrometric analysis as described in a separate section below. The major gangliosides of wild type and heterozygous MEFs are GD1a, GM1, GM2, and GM3 with two or more different species of ceramide present in each ganglioside as shown in Fig. 32, upper panel. The greatest variety of different ceramide moieties appears to be present in ganglioside GD1a. In contrast, MEFs homozygous for a GM3 synthase null mutation have a different set of gangliosides and the nature of these gangliosides was determined using mass spectrometry. As described below, the gangliosides of GM3 synthase -/- MEFs consist mainly of GD1c, GD1-alpha, GM1b, and GalNAc-GM1b, with trace amounts of N-Glycolyl GD1-alpha and N-Glycolyl GM1b.

Figure 32. TLC analysis of total gangliosides of mouse embryonic fibroblasts from GM3 synthase wild type (GM3S +/+), heterozygous (GM3S +/-), and homozygous (GM3S -/- knockout) mice. 


Upper panel. Photograph of the TLC plate. Each lane contains lipids from 8 x 106 cells. Ganglioside standard mix (bovine origin) is shown on the left.


Lower panel. Densitometric quantitation of TLC analysis. The average of three measurements in different cell clones is shown.



Ganglioside content of adult mouse skin fibroblasts deficient in GM3 synthase

We also isolated and analyzed gangliosides from adult mouse fibroblasts derived from all three GM3 synthase genotypes and the pattern of ganglioside expression was similar to that of mouse embryonic fibroblasts for all three genotypes (Fig. 33). The only notable difference is the significant presence of ganglioside GD3 in adult wild type and heterozygous fibroblasts versus a very low level of GD3 in their embryonic counterparts. Similar to the mouse embryonic fibroblasts, adult GM3S -/- fibroblasts have switched their ganglioside production to the 0-pathway, according to their very similar TLC resorcinol staining pattern (Fig. 33, upper panel). With respect to the total level of gangliosides, there was a similar ~ 40% reduction in GM3S +/- adult fibroblasts, but greater than 80% reduction in total ganglioside level of GM3S -/- adult fibroblasts (Fig. 33, lower panel).

Figure 33. HPTLC analysis of total gangliosides of mouse adult skin fibroblasts from GM3 synthase wild type (GM3S +/+), heterozygous (GM3S +/-), and homozygous (GM3S -/- knockout) mice. 


Upper panel. A photograph of the TLC plate. Fibroblasts from seven different 2-month-old mice were analyzed. Ganglioside standard mix (bovine origin) is shown on the left three lanes with amounts loaded in nanomoles of lipid-bound sialic acid. Lanes with samples are labeled as follows: +/+ is a wild type; +/- is a heterozygote; -/- is a homozygote; #1, #4, and #8 – heterozygotes number 1, 4, and 8; #2 - wild type number 2; #5, #7, and #9 – homozygotes number 5, 7, and 9 respectively.


Lower panel. Densitometric quantitation of TLC analysis. The data from only one measurement are shown.

Thirty three percent of effort in this experiment was kindly provided by Michael Weiss.



Mass spectrometric identification of 0-pathway gangliosides in GM3S -/- mouse embryonic fibroblasts

We separated pure gangliosides from GM3S -/- mouse embryonic fibroblasts using TLC, and extracted four different fractions from silica as shown in Figure 34. Gel-purified ganglioside samples 1 and 2, were analyzed using reflectron negative ion detection MALDI-TOF and individual gangliosides were analyzed by tandem mass spectrometry. In keeping with the pattern of resorcinol staining in Fig. 34, gangliosides were not detectable above Sample 2, although this area of the TLC  plate contained a significant amount of iodine-staining glycolipids (data not shown). Sample 1 contained gangliosides GD1-alpha (m/z  = 1830) and GD1c (m/z = 1940 and 1942) as shown in Fig. 35. Tandem mass spectrometry (MS/MS) for GD1-alpha is shown in Fig. 36. One can see that there is a number of peaks in the spectrum of sample 1 (Fig. 35) in addition to the three species mentioned above. We were able to interpret most of them as follows. The major peaks 1517 and 1629/1631 represent fragments of GD1-alpha and GD1c resulting from the loss of one sialic acid residue associated with a Na+ ion. It has been shown previously [228] that ganglioside GD1a, which is an isomer of gangliosides GD1-alpha and GD1c, tends to form adducts with one ion of Na+. Minor peaks 1846 and 1533 are N-Glycolyl GD1-alpha and its fragment [M-(Sial-Na+)]-. Peaks labeled 1809 and 1918 on the spectrum contain GD1-alpha and GD1c respectively resulting from the loss of the sodium ion (not shown). Although MS/MS on peaks 1765, 1882 and 2044 showed traces of sialic acid ion (m/z = 290), we were unable to detect [M-Sial]- ions in those spectra. 

Figure 34. Groups of gangliosides (from GM3S -/- mouse embryonic fibroblasts) extracted from a TLC plate use for further analysis by MALDI-TOF. Bovine standards are shown on the left. Putative 0-series gangliosides were loaded on the TLC plate in the amount approximately corresponding to 6 x 107 of cells. The indicated areas were carefully scraped off and the gangliosides were extracted from silica using chloroform:methanol:water 60:35:8, then dried using SpeedVac, and dissolved in acetonitrile:water 1:1 for mass spectrometric analysis.



[image: image7]



Since it is generally believed that the sialic acid residue is the easiest to come off with MALDI-TOF [228, 229], and consequently the [M-Sial]- ion should be one of the most prominent fragments, we concluded that peaks 1765, 1882 and 2044 do not contain intrinsic sialic acid and are most likely contaminated with sialic acid ions from nearby peaks due to suboptimal resolution typical of MALDI-TOF. That leaves us with two major gangliosides in sample 1, namely GD1-alpha and GD1c, as confirmed by resorcinol staining in Fig. 34. Ceramide moieties of these two gangliosides were deduced from a comparison with an MS/MS of a bovine standard ganglioside GD1a and also from previously published data on mouse gangliosides [169, 228]. It was concluded that GD1-alpha (m/z 1830) contains ceramide moiety D18:1-C16:0, while the doublet corresponding to ganglioside GD1c (m/z 1940 and 1942) corresponds to ceramide residues D18:1-C24:1 and D18:1-C24:0. Each of these three ganglioside species was confirmed using MS/MS (only GD1-alpha is shown in Fig. 36).

Sample 2 contained gangliosides GM1b (m/z  = 1517, 1629, and 1627) and GalNAc-GM1b (m/z = 1720, 1832, and 1830) as shown in Fig. 37. Tandem mass spectrometry on ganglioside GM1b (m/z = 1517) is shown in Fig. 38. It should be noted that there are some peaks in the spectrum of sample 2 (Fig. 37) in addition to the six species mentioned above. We were able to interpret most of them as follows. Minor peaks 1643, 1645 and 1533 are N-Glycolyl GM1b as confirmed by MS/MS (data not shown). Peak 1418 does not contain sialic acid residues and, therefore, is not a ganglioside (data not shown). Although peak 1601 contains N-Glycolyl sialic acid residue and exhibits [M-Sial]- ion in its MS/MS we were unable to assign any known or unknown ganglioside structure to that peak. 







We thus have two major gangliosides present in sample 2, namely GM1b and GalNAc-GM1b each with three distinct ceramide moieties and the combination of these six ganglioside species apparently gives us three major bands in sample 2 in Fig. 34. Ceramide moieties of these two gangliosides were deduced from a comparison with an MS/MS of a bovine standard ganglioside GM1 and also from previously published data on mouse gangliosides [18, 169, 228, 229]. It was concluded that GM1b peak 1517 contains ceramide moiety D18:1-C16:0, while the other two molecular ions of GM1b (m/z 1627 and 1629) correspond to ceramide residues D18:1-C24:1 and D18:1-C24:0. Three ceramide moieties identical to those of GM1b were assigned to the three peaks of GalNAc-GM1b (m/z  = 1720, 1832, and 1830). Fragmentation of each of these six ganglioside species was confirmed using MS/MS (only GM1b m/z = 1517 is shown in Fig. 38). It should be noted that the peak labeled 1720 in Fig. 37 contains a significant amount of two nearby peaks 1710 and 1708, which were also identified as GalNAc-GM1b. We were unable to assign a ceramide structure to those peaks however.

Structures of all major gangliosides found in GM3 synthase -/- mouse embryonic fibroblasts are summarized in Table 8.

	Carbohydrate moiety
	Predicted ceramide structure
	MALDI-TOF mass (m/z)
	Sample #

in Fig. 34


	GM1b
	D18:1-C16:0
	1517
	2

	GM1b
	D18:1-C24:0
	1629
	2

	GM1b
	D18:1-C24:1
	1617
	2

	GalNAc-GM1b
	D18:1-C16:0
	1720
	2

	GalNAc-GM1b
	D18:1-C24:0
	1832
	2

	GalNAc-GM1b
	D18:1-C24:1
	1830
	2

	GD1α
	D18:1-C16:0
	1830
	1

	GD1c
	D18:1-C24:0
	1942
	1

	GD1c
	D18:1-C24:1
	1940
	1


Table 8. Major gangliosides of GM3 synthase -/- mouse embryonic fibroblasts. All of the gangliosides identified by MALDI-TOF belong to the 0-series of ganglioside biosynthesis.

EGF receptor activity in GM3S-deficient mouse embryonic fibroblasts and controls


Since the main objective of this dissertation project is to test the hypothesis that inhibition of cellular gangliosides in tumor microenvironment will inhibit growth factor signaling in stromal cells such as fibroblasts and because epidermal growth factor receptor is one of the most important growth factor receptors in both fibroblasts and vascular cells [230], we investigated the activity of EGF receptor in fibroblasts with altered ganglioside composition, such as GM3S +/- and GM3S -/- mouse embryonic fibroblasts.


First, we determined a suboptimal range of mouse EGF concentrations for our 5-minute stimulation protocol of mouse fibroblasts. This was necessary because significant differences in the activity of EGF receptor if any are expected to be detected at a suboptimal level of EGF, below the saturation level of the growth factor (plateau). According to Figure 39, EGF concentrations between 1 ng/ml and 5 ng/ml for 5 minutes could be considered suboptimal conditions for mouse embryonic fibroblasts. Accordingly, we decided to use 3 ng/ml in all subsequent mouse EGFR experiments.


Comparison of EGFR autophosphorylation among the three genotypes of MEFs (GM3 synthase +/+, GM3S +/-, and GM3S -/-) showed that there is little to no correlation between the ganglioside level in mouse embryonic cells and EGF receptor activity (Fig. 40). Although the absolute level of EGFR autophosphorylation differs among the three clones, when adjusted (in a linear fashion) for total EGF receptor in each MEF clone, the level of EGFR activation is very similar among the clones, according to Fig. 40, lower panel, which shows combined densitometric analysis of three independent EGFR signaling experiments in MEFs. These data suggest that a downregulation of endogenous cellular gangliosides by about 40% in GM3S +/- fibroblasts, and by 75% in GM3S -/- fibroblasts, has little or no effect on EGF receptor function. Interestingly, preincubation of MEFs with 20 (M of ganglioside GD1a for 6 hours before EGF stimulation did not result in enhanced EGF receptor activation as was shown previously for human adult fibroblasts [1]. Statistical analysis using both paired and unpaired Student’s T test showed that the differences in EGFR activity between the wild type and GM3S heterozygous MEFs are not significant (p values are 0.425 and 0.26 respectively). Interestingly, preliminary data indicate that the results are similar when adult skin fibroblasts from GM3S +/+, GM3S +/-, and GM3 -/- mice are used instead of embryonic fibroblasts in the same kind of EGFR activation assay (Yihui Liu, unpublished data).

It should be noted that, in embryonic fibroblasts homozygous for GM3 synthase null-mutation, there is a change in the ganglioside pattern in addition to the ~ 75% decrease in the total level of gangliosides. Interestingly this did not affect EGF receptor activity, similar to our results with GM3S +/- embryonic fibroblasts. This suggests that neither 0-series gangliosides GM1b, GD1(, and GD1c nor the major gangliosides of MEFs, which we identified as GM3, GM2, GM1 and GD1a, play a significant role in the functioning of mouse EGF receptor in the cell type that we studied here. This conclusion applies to endogenous gangliosides of MEFs, but may not apply to all exogenously added gangliosides (such as tumor-shed gangliosides in vivo), since we tested preincubation with ganglioside GD1a only. Possible effects of exogenous addition of tumor-derived gangliosides on EGF receptor activity are a subject of future studies.

Figure 39. The response curve of EGF stimulation in mouse embryonic fibroblasts, GM3S -/- and GM3S +/-. The data suggest that a suboptimal range of EGF concentrations in these experimental settings would be between 1 and 5 ng/ml.


Upper panel. Western blot analysis of EGFR autophosphorylation following stimulation of the cells with various concentrations of EGF. Cells were seeded in 6-well plates and after 2 days in culture were starved in serum-free medium for 6 hours. After that, the cells were incubated with various concentrations of mouse EGF for 5 minutes. Then the cells were washed with ice-cold PBS and lysed, with subsequent western blot analysis for EGF receptor phosphorylation.


Lower panel. Densitometric analysis of the Western blot from panel A plotted as arbitrary units of EGFR autophosphorylation as a function of EGF concentration. Cells grown to subconfluence were starved for 6 hours in serum free medium and then stimulated with various concentrations of EGF for 5 min, with subsequent lysis and Western blot analysis.
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Figure 40. Activity of mouse epidermal growth factor receptor (EGFR) in GM3 synthase deficient mouse embryonic fibroblasts (GM3S +/+ : wild type, GM3S +/- : heterozygote, GM3S -/- : homozygote). The data suggest that a downregulation of endogenous cellular gangliosides by 40% to 75%, has little or no effect on EGF receptor function in mouse embryonic fibroblasts.


Upper panel. Western blot analysis of EGFR activation assay. Cells were grown to 90% confluency, then washed 4 times with serum-free medium and starved for 6 hours in serum-free medium. After than, some groups of cells (as shown with a “+” sign) were stimulated with 3 ng/ml of mouse EGF for 5 minutes. Finally, EGF was washed away and all cells lysed and the cell lysates were sonicated. Some groups of cells of each genotype were also preincubated with 20 micromolar ganglioside GD1a for the duration of serum starvation (as shown with a “+” sign), with subsequent removal of the ganglioside and washing prior to EGF stimulation. The top gel shows an autophosphorylation assay of mouse EGFR receptor (all phospho-tyrosines of EGFR); in this assay, EGFR receptor was immunoprecipitated from total cell lysates prior to PAGE electrophoresis. The second gel from the top shows the same membrane stripped and probed for total EGFR protein. The third gel from the top shows Western blot analysis of total EGF receptor in cell lysates, and the bottom gel shows Western blot analysis of GAPDH (a housekeeping gene) in cell lysates. Cell lysates were normalized for total protein prior to immunoprecipitation and western blots. All cell lysates were maintained as a fine suspension and never centrifuged, because EGFR is a transmembrane protein insoluble in its native form.


Lower panel. Densitometric analysis of the mouse EGFR activation assay. Each bar represents an average of three different experiments and the error bars show variation. Phosphorylation values (arbitrary units) were adjusted for total mouse EGFR protein measured in immunoprecipitates. For each cell clone, an average density of total EGFR bands was calculated, and then the density of each autophosphorylation data point within that clone (control, EGF, ganglioside and EGF) was divided by this average value. 
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Section III. Characteristics of ganglioside-deficient human dermal fibroblasts

Genotype, proliferation rates, and morphology of GM3 synthase-deficient human dermal fibroblasts


Through a collaboration we were able to obtain human dermal fibroblasts from patients with GM3 synthase homozygous nonsense mutation [20]. We designated the human fibroblast cell types as Mutant-1 (from a 19-year-old) and Mutant-2 (from a 2-year-old), and their age-matched controls as Normal-1 (from a 19-year-old) and Normal-2 (from a 2-year-old), or M1, M2, N1, and N2 respectively.

We used both a PCR assay and sequencing to confirm genotypes of GM3S -/- human dermal fibroblasts and the age-matched controls. The PCR assay is based on the observation that a single nucleotide mismatch at the 3’ end of a PCR primer will result in very little or no amplification under stringent conditions [231]. Genomic DNA from patients and controls was tested by PCR using primers that at the 3’ end carry a nucleotide specific either to the nonsense mutation or to wild type sequence. The two primer sets were designed to test opposite DNA strands just in case the template is problematic on either side of the point mutation. Both PCRs worked well though. Both sequencing and the PCR assay successfully confirmed that our two mutant fibroblast clones, Mutant-1 (from a 19-year-old) and Mutant-2 (from a 2-year-old) contain a homozygous nonsense mutation in exon 6 of the GM3 synthase gene (Figs. 41 and 42). Similarly, we confirmed that our age-matched control fibroblasts, Normal-1 and Normal-2 have both copies of the gene intact (wild type) as shown in Figs. 41 and 42. 

Figure 41. Confirmation of homozygous point mutation in fibroblasts from patients deficient in GM3 synthase (shown as M1 and M2) using PCR. The assay is based on the observation that a single nucleotide mismatch at the 3’ end of a PCR primer will result in very little or no amplification under stringent conditions [231]. Genomic DNA was tested with PCR using primers that at the 3’ end carry a nucleotide specific either to the nonsense mutation or to wild type sequence. Primer set 1 (the forward primer is 5’-GCTTGCTTTCCTTAGCCATTCTGGGTAC-3’ and the reverse primer is 5’-AAGGGCATTCTTCACAGGCTGGTG-3’) is specific for wild type GM3 synthase sequence, whereas primer set 2 (the forward primer is 5’-ATGACTTATCCAGAGGGCGCACCAC-3’ and the reverse primer is 5’-GCCACCTGCTTCCAAAAGAAGAGTCA-3’)  is specific for the point mutation. The two primer sets differ by more than one nucleotide because the second primer set detects the single nucleotide polymorphism located on the complementary strand. If the point mutation is homozygous, then the PCR is expected to yield a ~ 1.9 kbp band with primer set 2 (specific for mutation) and no bands with primer set 1 (specific for wild type sequence). The opposite pattern is expected for the wild type sequence, shown here as N1 and N2 (two different healthy subjects, age-matched controls). DNA molecular size standards 1 kbp to 10 kbp (Promega, WI) are in the rightmost lane of each gel shown.
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Figure 42. Sequencing confirmation of the homozygous nonsense mutation C ( T in fibroblasts from patients with hereditary GM3 synthase deficiency. The mutation is marked with an asterisk. Genomic DNA was isolated from 106 cells of each cell type using phenol extraction and about 1.6 kbp region was amplified with primers 5’- TCAAATACATTTCAGAGGTCAGCTGTCGAG-3’ and 5’-GGCAGCACTTGCTAATTGCAGGTAAAG-3’ using SibGene Taq polymerase kit (SibGene, MD). The product of the first PCR was purified using Qiaquick PCR purification kit (Qiagen) and reamplified with nested primers (5’-ATAAATTCATGGCATTCCAGAAGGGCAG-3’ and 5’-TCAAGAAGCCGCAAGTAATAAAGGCATG-3’ resulting in a ~1.4 kbp product) using SibGene Taq polymerase kit (SibGene, MD). 


N1


               *

M1

N2

               *

M2

There were no visible differences in morphology among wild type and mutant fibroblasts (Fig. 43), and there were no appreciable differences in proliferation rates (Table 9). Although it appears that the proliferation rates are slightly lower in mutant fibroblasts compared to normal fibroblasts, the differences are not statistically significant according to Student’s T test (Table 9, footnote). The data suggest that an almost complete depletion of ganglioside content in GM3S -/- human dermal fibroblasts did not affect cell morphology or cell proliferation significantly.

Figure 43. Photographs of human dermal fibroblasts (GM3S -/- and age-matched controls, GM3S +/+) under normal cell culture conditions. The data suggest that an almost complete depletion of ganglioside content in GM3S -/- human dermal fibroblasts did not affect cell morphology significantly. M1 and M2 are GM3S -/- and N1 and N2 are age-matched GM3S +/+ controls (wild type), from a 19-year-old and a 2-year-old respectively. The pictures in the upper panel (Normal-1 and Mutant-1) were taken using a 20x phototube objective, and the final magnification in printed photographs is approximately 660-fold. The pictures in the lower panel (Normal-2 and Mutant-2) were taken using a 10x objective, and the final magnification in printed photographs is approximately 330-fold.


Table 9. Average two day proliferation rates (fold increase in cell number for the period of 48 hours) of GM3 synthase-deficient and control human dermal fibroblasts. These data suggest that an almost complete elimination of gangliosides from the fibroblasts does not have a significant effect on cell proliferation.

	Cell type
	N1
	M1
	N2
	M2

	Mean  value
	2.00
	1.72
	2.18
	1.96

	Standard

deviation
	0.29
	0.25
	0.76
	0.35


Note: The differences between normal and mutant fibroblasts are not statistically significant according to Student’s T test: n = 5 and p values are 0.14 and 0.58 for N1 versus M1 and N2 versus M2 respectively. The difference between combined normals and combined mutants is not significant either (n = 10, and p = 0.23). In brief, the procedure was as follows 105 cells were seeded per well in 6-well plates, 6 wells for each cell type, and grown in standard media. Two wells of each cell type were harvested and counted on day 2, day 4 and day 6. The proliferation rate was calculated as the ratio of the cell count on day 4 to that on day 2, and the ratio of day 6 to day 4. Also was calculated the average of those two ratios. The whole procedure was done twice and the averages are shown in the table. The initial number seeded was ignored in calculations because adherence (initial survival rate in culture) may be different among different cell types due to alteration of the plasma membrane in the GM3S mutants. 

{{In a hypothetical example, if 100,000 cells are seeded of each of the clones Normal-1 and Mutant-1, and 90% of Normal-1 cells will adhere and start growing, while only 60% of Mutant-1 cells will adhere and survive due to their impaired plasma membrane, proliferation data will be distorted by the difference in adherence. If only adherent cells are included in the analysis starting from day 2 in culture, proliferation data is expected to be more accurate.}}

Altered ganglioside content of GM3S -/- human dermal fibroblasts

In contrast to GM3S -/- mouse embryonic fibroblasts and adult skin mouse fibroblasts, human dermal fibroblasts with an analogous mutation (GM3 synthase-null) contain almost no detectable gangliosides (Fig. 44). There is an estimated 95% reduction in ganglioside content in GM3S-/- human dermal fibroblasts and, interestingly, the level of gangliosides in Normal-2 (GM3S +/+ fibroblasts from a 2-year-old) is significantly lower than in Normal-1 (GM3S +/+ fibroblasts from a 19-year-old): 6.3 nmol of lipid-bound sialic acid per 107 cells compared to 13.2 nmol of lipid-bound sialic acid per 107 cells, respectively (Yihui Liu, unpublished data). A metabolic enzyme assay for GM3 activity using 14C-labeled CMP-sialic acid (Fig. 45) showed that there may be some traces of GM3 synthase activity in the human mutant fibroblasts, although this residual low level of gangliosides could be due to activity of a different enzyme that forms 0-series or neolacto-series gangliosides. The metabolic enzyme assay also showed that the ganglioside content of Normal-2 is lower than that of Normal-1 fibroblasts (Fig. 45).

Figure 44. HPTLC analysis of ganglioside composition of human GM3 synthase -/- fibroblasts and controls. There is a significant (~ 95%) depletion of gangliosides in GM3 synthase -/- fibroblasts compared to age-matched GM3 synthase +/+ controls. Total cellular gangliosides were purified from human GM3 synthase mutant or normal control fibroblast cultured in FGM-2 to sub-confluency. The total gangliosides were resolved by HPTLC in chloroform:methanol:0.25%aqueous CaCl2 (60:40:9, by volume), and stained with resorcinol. The labels are as follows: St - standard ganglioside mix (bovine origin), M1 and M2 are GM3 synthase -/- fibroblasts; N1 and N2 are age-matched GM3 synthase +/+ control fibroblasts; HBG – human brain gangliosides. Cell types N1 and M1 are from 19-year-olds, while N2 and M2 are from 2-year-olds (obtained using skin biopsy).

This figure is courtesy of Yihui Liu (unpublished data). 



Figure 45. A metabolic enzyme assay for GM3 synthase activity in GM3S -/- human dermal fibroblasts and aged-matched control fibroblasts using 14C-CMP-sialic acid. N1 and N2 are GM3S +/+ fibroblasts; M1 and M2 are GM3S -/- fibroblasts. Cell types N1 and M1 are from 19-year-olds, while N2 and M2 are from 2-year-olds (obtained using skin biopsy). The ganglioside level is lower in Normal-2 compared to Normal-1 as was estimated by previous quantitation using resorcinol staining of TLC plates. There is an estimated 95% depletion of gangliosides in human GM3S -/- fibroblasts. Fifty percent of effort in this experiment was kindly provided by Michael Weiss.
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EGF receptor activity in GM3S-deficient human dermal fibroblasts

In order to determine the effect of ganglioside depletion on growth factor signaling, we performed a series of EGFR activation assays very similar to those in MEFs (described above) with GM3S +/+ and GM3S -/- human dermal fibroblasts (Fig. 46). Similar to MEFs, there was no significant correlation between the ganglioside level and EGF receptor activity (Fig. 46, lower panel). According to three separate measurements, there were also significant differences in total EGFR protein, which was higher in Normal-1 compared to Mutant-1, but the picture was the opposite for Normal-2 and Mutant-2, where the total EGFR was higher in Mutant-2 compared to Normal-2 (Fig. 46, upper panel). As with mouse embryonic fibroblasts, EGFR autophosphorylation correlated with the amount of total EGFR in cell types, and there was no consistent correlation between total EGFR protein and ganglioside composition or between EGFR activity and ganglioside composition of fibroblasts. When adjusted for total EGFR protein, EGFR autophosphorylation data did not differ significantly between GM3S -/- and wild type fibroblasts (Fig 46, lower panel), despite a dramatic difference in the ganglioside composition between the cell types: ganglioside synthesis was approximately 95% inhibited in GM3S -/- human dermal fibroblasts.

In contrast to the mouse embryonic fibroblasts, there was a significant stimulatory effect of preincubation of human fibroblasts with 20 (M ganglioside GD1a (Fig. 46, lower panel). According to a paired Student’s T test for the combined data from mutants and normals, n = 8 pairs (4 pairs of mutant and 4 pairs of normal samples), the difference was significant (p = 0.006). 

Figure 46. Activity of human epidermal growth factor receptor (EGFR) in GM3 synthase deficient dermal fibroblasts. The data suggest that there is little or no effect of the level of endogenous gangliosides on EGF receptor function, but there may be a significant effect of addition of exogenous gangliosides on EGF receptor activity. There are also significant differences in total EGFR protein, which is higher in Normal-1 compared to Mutant-1, but the picture is the opposite in Normal-2 and Mutant-2. Abbreviations: N1 and N2 – age-matched control (wild type) fibroblasts, M1 (19-year-old) and M2 (2-year-old) dermal fibroblasts obtained from patients with GM3 synthase homozygous null-mutation. 


Upper panel. Western blot analysis of EGFR activation assay. Cells were grown to 90% confluence, then washed 4 times with serum-free medium and starved for 6 hours in serum-free medium. After than, some groups of cells (as shown with a “+” sign) were stimulated with 3 ng/ml of human EGF for 5 minutes. Finally, EGF was washed away and all cells lysed and the cell lysates were sonicated. Some groups of cells of each genotype were also preincubated with 20 micromolar ganglioside GD1a for the duration of serum starvation (as shown with a “+” sign), with subsequent removal of the ganglioside and washing prior to EGF stimulation. The upper gel shows an autophosphorylation assay of mouse EGFR receptor (all phospho-tyrosines of human EGF receptor); the second gel from the top shows Western blot analysis of the total EGF receptor in cell lysates, and the third gel shows Western blot analysis of the GAPDH (a housekeeping gene) in cell lysates. In the upper gel, human EGFR receptor was immunoprecipitated from cell lysates prior to PAGE electrophoresis. Cell lysates were normalized for total protein prior to immunoprecipitation and western blots. All cell lysates were maintained as a fine suspension and never centrifuged, because EGFR is a transmembrane protein insoluble in its native form.

* - marked with an asterisk are lanes where no sample was left for further analysis (used up in the phosphorylation assay, upper panel) and the lanes were left empty.


Lower panel. Densitometric analysis of the human EGFR activation assay. Each bar represents an average of two different experiments with two sets of mutant cells and controls (2 x 2 = 4 data points for each bar) and the error bars show the standard deviation. Phosphorylation values (arbitrary units shown on Y axis) were adjusted for total human EGFR protein measured in cell lysates. For each cell clone, an average density of total EGFR bands was calculated, and then density of each autophosphorylation data point within that clone (control, EGF, ganglioside and EGF) was divided by this average value. 
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A pair consisted of a GD1a preincubated/EGF stimulated sample and an EGF stimulated sample for the same genotype and repeat. Even though there appears to be a significant variability in the experimental data judging by the substantial standard deviation bars in Fig. 46, lower panel, the confidence interval has been verified and confirmed to be strong, p = 0.006. This is most likely due to the consistency of the GD1a enhancement effect in all 8 pairs; in other words, the value of receptor autophosphorylation is greater for GD1a preincubated/EGF stimulated samples compared to EGF stimulated samples in every one of the 8 pairs. It should be noted that an unpaired Student’s T test yielded a less significant confidence interval, p = 0.023 (comparison of two datasets, 8 samples in each dataset).


In summary, the results of the EGFR assay suggest that endogenous gangliosides of human dermal fibroblasts may be dispensable for the EGFR function. This could mean that either the endogenous gangliosides are not involved in the functioning of EGFR or that whatever role these gangliosides play can be performed by other molecules which can substitute for gangliosides. In contrast, exogenously added gangliosides appear to have a significant effect on human EGFR because we saw a substantial enhancement of EGFR activity after the fibroblasts were preincubated with ganglioside GD1a.

Erk1/2 MAP kinase activity in GM3S-deficient human dermal fibroblasts

In order to determine the role of gangliosides in the combined growth factor signaling of many different mitogenic pathways, we performed a serum starvation/serum stimulation assay of MAP kinase activity in ganglioside-deficient and control fibroblasts. 24-hour serum starvation followed by stimulation with 0.7% serum for 5 minutes did not show any significant differences in MAP kinase activity between mutant and control fibroblasts (Fig. 47). There was also no apparent difference in the steady state activity of MAP kinase between ganglioside-less fibroblasts and controls (Fig. 47). The data suggest that endogenous cellular gangliosides may be dispensable for normal functioning of major mitogenic pathways in human fibroblasts. This could mean that either the endogenous gangliosides are not involved in the functioning of fibroblast mitogenic pathways or that whatever role these gangliosides play can be performed by other molecules which can substitute for gangliosides.

Figure 47. Activity of Erk1/2 MAP kinases (p42/p44) in human dermal fibroblasts in response to serum stimulation after serum starvation (left panel) as well as in a steady state under optimal cell culture conditions (right panel). The data suggest that the endogenous gangliosides may be dispensable for normal functioning of major mitogenic pathways.


The upper panels show phosphorylated MAPK, while the lower panels show the same membrane stripped and stained for total MAPK. All samples were normalized to total cell lysate protein when loaded on NuPAGE polyacrylamide gel (Invitrogen) during electrophoresis.


The cells shown in the left panel were starved in serum-free medium (without supplemental growth factors) for 24 hours and then stimulated with 0.7% fetal bovine serum (lanes labeled “S”) or not stimulated (lanes labeled “C”). 


The cell in the right panel were grown for two days in optimal growth medium FGM-2 (Clonetics) which contains 2% fetal bovine serum, human recombinant basic FGF, and bovine insulin. M1 and M2 are dermal fibroblasts derived from GM3S -/- patients (19-year-old and 2- year-old). N1 and N2 are their corresponding age-matched control fibroblasts from GM3S +/+ people.


DISCUSSION

Section I. Inhibition of GM3 synthase and its effect on ganglioside composition

Preparation of GM3 synthase antisense stable transfectant cell lines

A ganglioside knockdown model is necessary for functional studies of tumor cell gangliosides and could be used for elucidating the effects of gangliosides on tumor formation and angiogenesis in vivo and in vitro. A knockdown or a knockout of GM3 synthase would suit this purpose because it is an entry-level enzyme in the pathway of human ganglioside biosynthesis [232]. While GM3 synthase and a number of other enzymes in ganglioside biosynthetic pathway, such as GD3 synthase and glucosylceramide synthase, have been successfully knocked down or knocked out in mice [24, 233], a successful downregulation of human GM3 synthase has only been reported recently [24], and no chemical inhibitor exists for human GM3 synthase at the time of this writing. On the other hand, successful inhibition of human GM3 synthase could potentially provide researchers with a tool to study the function of tumor cell gangliosides. 

As shown in the results section, one of the antisense clones that we obtained, 7.2a, had approximately 70% reduction in total ganglioside level as confirmed by two lipid analyses, at passages 5 and 8. This inhibitory effect on GM3 synthase activity was only temporary however, and, despite stable expression of antisense RNA, clone 7.2A reverted to a normal level of cell gangliosides after passage 10 in culture.

Reversion of the antisense effect in clone 7.2A 

A finding that the phenotypic effect of stable transfection with antisense mRNA was reversed has not been reported in literature to the best of our knowledge [196, 200, 206]. Interestingly, despite the loss of the inhibitory effect, the level of antisense mRNA in affected cell clone 7.2A slightly increased or at least did not change (given the semiquantitative nature of the assay that we used). It should be noted that the loss of the phenotype happened some time between passages 8 and 10 and we measured antisense mRNA expression at passages 9 and 13. In this situation, it is not impossible that a hypothetical very high level of antisense mRNA expression in 7.2A cells could have been lost immediately after passage 8 and then increased to some extent between passages 9 and 13. In this scenario, the loss of the inhibition of ganglioside synthesis would be the result of a decrease in the level of antisense mRNA. 

It has been demonstrated previously [207, 234] that stable antisense transfection often produces a number of clones expressing antisense RNA but showing no phenotypic effect, as was also the case in this work. However, the reversion of a successful stable antisense clone to wild type phenotype has not been reported to date. In fact, in the specific case of glucosylceramide synthase antisense transfectants, antisense transfected clones retained inhibitory effect on gangliosides for several years and many passages in culture [73]. 

Some investigators have previously reported successful downregulation of genes using antisense constructs targeting splice junctions of a primary transcript, possibly via prevention of the nuclear export of the unprocessed RNA [196]. In this work, we identified a clone with a substantial reduction of cell ganglioside content among twelve cDNA-based antisense transfectants, where we targeted a region of about 530 bp of GM3 synthase cDNA (spliced mRNA). However, the inhibitory effect was not maintained indefinitely and was lost some time after passage 8 in culture.

In many reports [235-237], only a minority of antisense transfected clones show signs of inhibition of a target gene, despite active expression of antisense mRNA. This was apparently the case in our study as well. A possible explanation for such heterogeneity could be the presence of different copy numbers of the antisense transgenes in the genomes of transfected cells, which would enable certain clones to achieve the high level of antisense mRNA expression necessary for an antisense mechanism to take effect. However, this does not explain the reversion of the inhibitory effect in a later passage of a clone, and our analysis revealed that the reversion of the phenotypic antisense effect was not accompanied by a decrease in antisense mRNA expression. The rapidity of the antisense reversion (within 2 passages, from passage 8 to 10) excludes the possibility that a mutation in the antisense gene cassette could have caused this reversal, because it would have had to happen in millions of cells almost simultaneously. It would therefore be logical to conclude that the antisense RNA mechanism is dynamically regulated at the epigenetic level [237] and may involve up- and down-regulation of certain double-stranded RNA modifying enzymes and binding factors, caused by the presence of antisense RNA or duplex RNA, or their degradation products [195]. In addition, subtle differences in the levels of expression or functionality of these factors between different clones of highly mutable tumor cells, such as DAOY human medulloblastoma cells, could lead to different responsiveness of these clones to antisense mRNA. It can be concluded that permanent transfection of tumor cells with antisense RNA may not always result in a stable inhibitory effect, and therefore the phenotype of successful antisense clones should be periodically reconfirmed, particularly, before and after subsequent experiments that test the functional impact of the transfection.
Unsuccessful GM3 synthase knockout in human HCT116 cells

Although gene knockout of GM3 synthase in HCT116 human colon adenocarcinoma cells was not successful, while working on that project, we developed a valuable method for precise assembly of long DNA molecules from multiple fragments, which was successfully published [218] and used by other laboratories for a variety of applications [238-244].

Long multiple fusion method

The method for fusing two short fragments of DNA, also known as overlap extension PCR, was described more than a decade ago [245]. Powerful as it is, the technique is limited to products of 3 to 4 kbp in length and to fusion of no more than two pieces of DNA at a time [246]. The novelty of the method proposed in this work is two-fold: first it allows one to simultaneously join up to four fragments, rather than two, with high yield; second, it allows one to fuse long PCR products (longer than 4 kbp), which is also not achievable by overlap extension PCR. Specifically, the overlap extension PCR method requires several significant modifications in order to be used with long PCR or with several fragments rather than two. Our approach combines two methods: long PCR and overlap extension PCR, and the latter is modified further, allowing one to join multiple fragments rather than only two fragments [218]. This new approach gives molecular biologists much wider latitude in the design of the recombinant DNA. Three examples of work that would be impossible with existing methodologies include: a) the generation of somatic cell knockouts for a wide range of human genes; b) generation of multiple custom made viral genomes, e.g. for HIV vaccine research; and c) certain transgene experiments. This is largely due to constraints resulting from the lack of convenient restriction sites at junctions, or, in the case of long DNA constructs, the multiple occurrence of otherwise useful restriction sites, which complicates the construction procedure and requires the use fragments obtained by partial restriction digestion. Thus, existing cloning methods usually force a researcher to assemble constructs that include unwanted DNA sequences. Another problem with existing methods is that few cloning vectors allow for insertion of large DNA fragments, and those that do, cannot be used for construction of complicated recombinant products due to the above problems with restriction sites. Use of methylation, partial restriction digestion, recombinase, adapters and linkers can alleviate some but not all of these problems, at the same time making a project more complicated and time-consuming. The long multiple fusion method overcomes these difficulties, which we demonstrated in this work [218]. In light of the recent creation of a synthetic polio virus in vitro [247], one can see that our approach would facilitate creation of certain kinds of viruses or multiple strains of a virus for vaccine research. We expect long multiple fusion to significantly facilitate and accelerate other complex genetic engineering projects as well. 


Using the long multiple fusion method, we were able to make a number of different gene targeting constructs based on various selectable markers, such as GFP, neomycin resistance, and hygromycin B resistance. The expected structure of these constructs was successfully confirmed by sequencing, and each construct was successfully transfected into HCT116 cells, resulting in drug-resistant cell clones.

Targeting construct design

In addition to the relatively well-known promoterless targeting construct design, we also assembled a number of targeting constructs that lack other regulatory signals in addition to the absence of a promoter: removal of a ribosome entry site and ATG codon [248], stop codon and polyadenylation signal from the selectable marker gene [216], as well as introduction of a “rogue” splicing signal. (A rogue splicing signal is a splicing signal located at one (or both) of the termini of a gene targeting construct. A usual targeting construct contains two splicing signals for each exon inside the construct and none at the ends. This rogue splicing signal is created when a full length intron is used as one of the homology arms in a gene targeting construct. This extra splicing signal is likely to disrupt expression of the marker gene contained in the gene targeting construct when the targeting construct gets inserted randomly between two exons of the same gene). A targeting construct of this design is expected to be expressed only if it incorporates via homologous recombination into the target locus precisely in-frame, because this construct lacks most regulatory signals (hence the name “clueless”, Fig. 18) and would lack one or another regulatory sequence if inserted randomly in the genome. If successful in practice, this would be a significant advantage over the promoterless construct design which is known to result in thousands of non-specific drug-resistant clones per one or two homologous recombinants [217]. Unfortunately, our FISH results indicate that tumor cells (HCT116 cells in our case) can greatly amplify a non-specific insert of a selectable marker (drug-resistance) gene and also undergo chromosomal rearrangements that would provide necessary expression signals to the “Clueless” marker gene, thus yielding multiple drug resistant clones. This problem is also compounded by the frequent false positive screening results of PCR as described below. Therefore, despite successful construction and transfection of sophisticated gene targeting constructs into HCT 116 cells, we still obtained a large number of drug resistant clones that did not contain a homologous recombination event between the targeting vector and the target gene, GM3 synthase.

PCR screening and analysis of transfectant clones

Even though we had no problem obtaining drug-resistant (or fluorescent) transfectants, rigorous screening and confirmation of true homologous recombinants turned out to be a serious challenge. We obtained a number of PCR-positive drug-resistant clones that were confirmed by 2 or 3 PCRs on different sides of the insert, using completely different primers in each case. This gave us a false impression that we had clones with successful gene targeting events in the GM3 synthase gene locus (2p11-12). In retrospect, it is obvious that these multiple falsely positive confirmations by PCR resulted from several factors: A) Low specificity of primer binding, since it is known that oligonucleotides can bind to a sequence that differs by 2 or three nucleotides even under stringent conditions [249]. Formation of a duplex is not an all-or-none process, but rather a dynamic equilibrium process with a full gamut of transitional states characterized by the shift in the percentage of the nucleotides in the duplex and a change in the percentage of molecules bound versus unbound [249]. B) Related to A) is the difficulty of predicting a melting temperature of a primer precisely [250], which would be necessary in order to determine stringent conditions of highly specific binding. If the calculation understates the melting temperature of a primer, this can result in non-specific primer binding and falsely positive PCR results. C) Gene amplification of the drug-resistance markers by the HCT116 tumor cell line that we saw in our FISH results would also lead to falsely positive PCR screening results because gene amplification will greatly increase the copy number of the template (selectable marker) and thus also increase the amount of non-specific PCR products. It can be concluded that PCR can be used for quick identification of candidate clones, but should be avoided when it comes to the definitive confirmation of homologous recombination events, because a) in some cases, an unknown region of homology in the template (genomic DNA) could result in false positives; b) identification of the most stringent PCR parameters (such as annealing temperature), needed for highest specificity of PCR, may require substantial empirical experimentation, while theoretically calculated values could be misleading [249, 250]. It appears that PCR analysis can be more reliable if it is combined with sequencing of PCR products. Sequencing of the positive bands in our drug-resistant clones either failed or produced a wrong sequence (data not shown), further confirming the hazards of an investigator’s sole dependence on PCR amplification for the identification of homologous recombination events.

Southern blot analysis of transfected cells

Southern blot is used routinely by the labs that work with gene targeting in somatic cells [215, 248] and mouse embryonic cells [216] and, according to our results, is more specific and reliable than PCR. All of our PCR-positive clones, which were confirmed by several different PCRs, turned out to be negative for homologous recombination according to Southern blot analysis. The same result came out of FISH analysis and out of sequencing of PCR products. Of the three methods for confirming homologous recombination, FISH appears to be the most informative, but also the least sensitive and most expensive. Southern blot appears to be reliable and sensitive, but requires more time and effort than sequencing of PCR products.

Lessons from the GM3 synthase gene targeting project

Although gene targeting of GM3 synthase in human tumor cells was not successful, some conclusions can be drawn: 

1) Improvements in the targeting construct design may not result in improved ratio of non-specific drug-resistant clones to homologous recombination events, because tumor cells can amplify a weakly expressed drug-resistance gene (inserted non-specifically) and can also produce clones (via natural selection) containing chromosomal rearrangements that supply necessary expression signals to the selectable marker gene (Fig. 24). 

2) The key to improving the gene targeting ratio (homologous recombination vs. non-specific insertions that produce drug-resistant transfectant cells) may be in the development of a better transfection method. For example, it was shown previously that microinjection is several orders of magnitude more effective for homologous recombination than other transfection methods [251, 252]. It would be interesting to test whether the relatively new nucleofection technique (multi-pulse electroporators from Amaxa, Inc.) combined with very low amounts of targeting construct DNA can approach the efficiency of nuclear microinjection in terms of the ratio of homologous recombination events to random insertions. 

3) When two different gene targeting constructs are used for inactivation of two copies of a gene, it would be advisable to use targeting constructs that have identical homologous arms (but different drug-resistance genes) as opposed to the situation when the second gene targeting construct has shorter homologous arms and their sequence is contained within the sequence of the first gene targeting construct. As we saw in the RESULTS section, this can lead to the recombination of the second targeting construct with a copy of the first targeting construct inserted into the genome and this situation can easily result in falsely positive PCR screening results as well as falsely positive sequencing confirmation of PCR products from mutant cell clones. An alternative approach to avoid this pitfall would be to use two gene knockout constructs that target different (non-overlapping) regions of the target gene.

4) Since gene targeting experiments in somatic cells are time-consuming and costly [252], considerable thought should be given to alternative methods of studying gene function (such as sequence homology search or yeast knockouts) prior to committing to a gene targeting project. 

5) Even if successful inactivation of a gene of interest is achieved, interpretation of the results can be complicated by the metabolic changes caused by the mutation, which are unrelated to the function of the gene product in question. For example, a double knockout of GM3 synthase and GM2 synthase in mice results in virtually complete elimination of all gangliosides from these mice [34]. It would be tempting to assign the phenotypical changes in these mutants to the lack of gangliosides. However, these mice have a substantial (up to 100-fold) buildup of a metabolic precursor of gangliosides, lactosylceramide, in brain tissues [33, 34], and this molecule has many physiological functions of its own (Table 3 and [47, 253, 254]). In analyzing phenotypical changes in the whole organism (but not individual cell types), it would be rather difficult to distinguish between the effects of the lack of gangliosides and the effects of the surplus of lactosylceramide. With respect to fibroblasts however, the GM2S/GM3S double knockout could still be a viable model for studying ganglioside function because preliminary results indicate that the buildup of lactosylceramide in fibroblasts may not be as dramatic as that in the brain tissues of GM2S/GM3S knockout mice.

Analysis of ganglioside content of MEFs deficient in GM3 synthase

Derivation and analysis of mouse embryonic fibroblasts from GM3 synthase KO mice

Our results indicate that there is about a 40 percent reduction in the level of gangliosides in the GM3S heterozygous MEFs compared to wild type and there is about a 75 percent reduction in the level of gangliosides in the GM3S homozygous cells combined with the switch to a different pattern of cellular gangliosides. We also saw little to no effect of changes in ganglioside composition on the proliferation rate and cell morphology of mouse embryonic fibroblasts. This stands in contrast to a recent paper [255] on the effects of the GM3 synthase knockout in the same type of cells, MEFs. The authors [255] report among other things an increased proliferation rate of GM3S -/- MEFs compared to wild type MEFs as measured by an MTT assay. It should be noted that in our laboratory we also observed differences between mutant and normal MEFs according to a 3H-thymidine uptake assay (data not shown). However, when we did the regular cell counts, there were no significant differences in the proliferation rate of the mutant and normal MEFs (Tables 7 and 9). This could be explained by the fact that 3H-thymidine and MTT assays rely on the transport of reagents across the plasma membrane and also on the equal ability of all cell groups to adhere and adapt to cell culture in the same way. Since GM3S -/- cells have an altered plasma membrane, they can exhibit changes in the transmembrane transport of MTT or thymidine and also in the initial adherence of cells to plastic flasks. A manual cell count that ignores the initial number of cells seeded and only deals with the change in the number of adherent cells would be free from those problems. Our 2-day growth rates from day 2 to day 4 and from day 4 to day 6 show no significant differences in the proliferation rates among different genotypes of MEFs (Tables 7 and 9). Our cell proliferation assay was designed in a way that minimizes such confounding factors as contact inhibition (we used cell densities between 10% and 90%), inadequate culture medium (containing trypsin or DMSO), freeze/thaw cycles and difference in the rate of adherence and adaptation immediately after the cells are seeded. A 3H-thymidine assay, where the cells are seeded and the uptake is measured after one or two days in culture immediately following the seeding, may be affected by some of those factors.

A switch to the 0-pathway of ganglioside biosynthesis in GM3S -/- mouse fibroblasts

Although we expected to find no gangliosides in GM3S -/- fibroblasts, interestingly, both embryonic and adult skin mouse fibroblasts exhibit the presence of a small amount of gangliosides that are different from the normal ganglioside complement of those cells (Figs. 32 and 33). Mass spectrometry revealed that these gangliosides belong to the alternative 0-pathway of ganglioside biosynthesis. To date, there has been no confirmation of 0-pathway gangliosides in mammalian fibroblasts [4, 24, 255], as these uncommon gangliosides are usually found only in the brain and some immune cells (Table 1). It appears that in order for the 0-pathway to get activated at a detectable level, it needs a substantial increase in the amount of lactosylceramide (Fig. 1), which would be the case in a homozygous knockout of GM3 synthase. The 40 percent or so reduction in the activity of GM3 synthase in the heterozygote may not be sufficient for a detectable upregulation of 0-pathway. Another interesting observation is that 0-series gangliosides are undetectable in human dermal fibroblasts (or present at a much lower level compared to mouse GM3S -/- fibroblasts), despite a complete shutdown of the GM3 synthase enzyme (Fig. 44). This suggests that the ganglioside biosynthetic machinery is different between mice and humans. It should be noted that our findings contradict the widely accepted combinatorial model of ganglioside biosynthesis [4] as this model cannot explain the absence (or at least the very low level) of 0-series gangliosides in human fibroblasts. The combinatorial model assumes that a single enzyme, N-acetyl-galactosamine transferase (shown as “GalNAc T” in Fig. 1), is responsible for the initial reaction in the four different ganglioside biosynthetic pathways: 0-series, a-series, b-series, and c-series [4]. It is possible that the spatial organization of the enzymatic machinery is different between mouse and human, whereby lactosylceramide that is built up in human cells is not accessible to human N-Acetyl-galactosamine transferase, or gets metabolized more quickly, or perhaps, a different subtype of the enzyme is responsible for 0-series in human cells.

Section II. The role of gangliosides in EGF receptor function

EGF receptor activity in GM3S-deficient mouse embryonic fibroblasts and controls

As was mentioned in the RESULTS section, we did not detect statistically significant differences in EGF receptor activity among the three genotypes of MEFs: GM3S +/+, GM3S +/-, and GM3S -/-, in other words, both a 40 percent reduction in cellular ganglioside content and a 75 percent reduction in ganglioside level combined with a change in ganglioside pattern (replacement with 0-series gangliosides) did not affect EGF receptor activity. This result was somewhat unexpected, since in the previous studies in this laboratory, we found that broad inhibitors of glycosphingolipid biosynthesis dramatically inhibited EGF receptor signaling in mouse and human fibroblasts, and the inhibition could be reversed to some extent by the addition of exogenous gangliosides [7]. One explanation could be that the level of cellular gangliosides that is 25% to 50% of normal may still be sufficient for normal functioning of EGF receptor. Another explanation could be that some neutral glycosphingolipids, which are downregulated by the widely used chemical inhibitor PPPP, are important for EGFR function. Thus downregulation of cellular gangliosides (along with other glycosphingolipids) using PPPP will inhibit EGFR function, even though specific downregulation of gangliosides only will have little effect.

Also unexpectedly, there was no effect of preincubation of mouse embryonic fibroblasts with ganglioside GD1a prior to EGF stimulation (Fig. 40, lower panel), which is in contrast to our previous finding that GD1a preincubation significantly enhances EGF receptor activity in normal human dermal fibroblasts [1, 7, 8]. An explanation for this discrepancy between human adult and mouse embryonic fibroblasts could be that the tertiary structures of the receptors are somewhat different (there is a ~ 85% homology at the amino acid level) or that some third molecule which mediates the stimulatory effect of gangliosides on EGFR in human cells is not expressed in MEFs. 

The observation that there is little or no effect of a change in endogenous gangliosides on EGF receptor activity is also different from what several other investigators reported previously (Table 10; many of these reports contradict each other as well). These discrepancies can be attributed to the differences in experimental design, such as different cell lines/types used, different duration and administration of ganglioside treatment/inhibition, and also a hypothetically different effect of endogenous gangliosides on cell signaling compared to exogenously added gangliosides. 

Table 10 (abridged Table 2). Existing evidence on the effect of gangliosides on EGF receptor signaling.

	Signaling molecule
	Ganglioside
	Modulation by ganglioside and references

	EGFR
	GM1
	Negative: [80-83]
Positive: [84, 85]

	
	GM2
	Negative: [83]

	
	GM3
	Negative: [79, 80, 85-88]
Positive: [7]

	
	GD3
	Negative: [89]
Positive: [85]

	
	GD1a
	Positive: [1, 7, 8, 85]

	
	GT1b
	Positive: [85]

	
	Many collectively
	Positive: [7]


For example, it was found in our laboratory that continuous incubation with a high concentration of gangliosides during a signaling assay would produce an inhibitory effect, while preincubation with gangliosides prior to growth factor stimulation will have an opposite effect: stimulation [7].


In conclusion, the unexpected finding that neither exogenous nor endogenous gangliosides have a significant effect on EGF receptor activity in mouse fibroblasts, suggests that there may be some mechanistic differences between the functioning of mouse and human EGF receptor, because human EGFR activity is significantly enhanced with ganglioside GD1a preincubation as described below and reported previously [1, 7, 8].

EGF receptor activity in GM3S-deficient human dermal fibroblasts

Since there was over 95% reduction in ganglioside level in human dermal fibroblasts from patients with a homozygous GM3 synthase mutation, this model would be expected to give a more definitive answer on the role of gangliosides in EGF receptor signaling than the MEF model that shows 40% to 50% inhibition. Similar to the MEF model discussed above, we did not observe consistent changes of EGF receptor activity in ganglioside-deficient fibroblasts compared to age-matched ganglioside-normal fibroblasts. This observation that an over 95% reduction in ganglioside level does not affect EGF receptor activity is unexpected because previous data from this laboratory has shown that nearly complete depletion of all glycosphingolipids (including gangliosides) in fibroblasts using PPPP (D-l-threo-1-phenyl-2-hexadecanoylamino-3-pyrrolidino-1-propanol-HCl) resulted in a significant inhibition of EGF-induced proliferation of human and mouse fibroblasts [7]. There are two possible explanations for this apparent discrepancy. One explanation could be that glycosphingolipids other than gangliosides are required for EGF receptor function, the prime candidates being glucosylceramide and lactosylceramide, although no such studies have been reported so far (Table 3). In this scenario, downregulation of all glycosphingolipids in the cell, in particular, glucosylceramide and lactosylceramide, which are directly downstream of the enzyme targeted by PPPP, would indeed inhibit EGF receptor activity, while downregulation of gangliosides alone would not. This hypothesis is supported by the observation that a mouse knockout of the enzyme targeted by PPPP, glucosylceramide synthase, is embryonic lethal [138], suggesting that glucosylceramide plays a crucial role in many cellular processes possibly including EGF receptor function. The same hypothesis can apply to lactosylceramide which is derived directly from glucosylceramide and for which a specific genetic knockout is not available. Additionally, lactosylceramide has been implicated in the functioning of several cell signaling pathways [47, 139, 140], although none of them are directly related to EGF receptor signaling.

Another explanation for the discrepancy between our data the results of studies using chemical inhibitor PPPP such as [7], could be that assays which employ EGF-induced proliferation measured as 3H-thymidine uptake [7, 79, 80], rather than direct measurement of EGF receptor autophosphorylation [1], may not measure EGF receptor activity accurately. This is because alteration of the plasma membrane through glycosphingolipid inhibition could theoretically affect both thymidine transport and cell adherence, which would result in distorted proliferation data (especially if it is assumed that the same percentage of originally seeded cells will adhere to plastic in experimental and control groups of cells; on the other hand, a proliferation assay that measures an increase in adherent cells only and ignores the number of seeded cells theoretically would not be affected by these factors). This explanation most likely does not apply to this case, however, because chemical inhibition of glycosphingolipid biosynthesis using PPPP did inhibit EGFR activity according to Western blot analysis of the autophosphorylated EGF receptor (Y. Liu and S. Ladisch, unpublished data).



In contrast to the MEF model, however, we did see a significant stimulatory effect of ganglioside GD1a preincubation in human dermal fibroblasts, both GM3S mutants and normals, suggesting that in human fibroblasts, exogenously added gangliosides may have an effect on EGF receptor that is different from the effect of endogenous cellular gangliosides (which appear to have no effect). As was shown previously [85] gangliosides can bind to the extracellular moiety of EGF receptor and this could explain the discrepancy between the effects of endogenous and exogenous gangliosides. Some reports in literature suggest that endogenous gangliosides play a role in the organization of the plasma membrane and the signaling molecules situated there into various microdomains, such as glycosphingolipid-enriched microdomains or GEMs [256]. Our data show that an almost complete removal of gangliosides from the plasma membrane has little or no effect on EGF receptor function, at least in the cell types that we studied here: mouse embryonic and adult skin fibroblasts (mouse and human). This suggests that either gangliosides are not essential for proper organization of GEMs or that GEMs are not essential for EGF receptor function. Several other mechanisms of ganglioside action on signaling molecules have been proposed in the literature: modulation of dimerization of tyrosine kinases [1, 94]; gangliosides serving as co-receptors and facilitating ligand–receptor binding (or conversely as competitive inhibitors) [99, 112, 126]; changes in a downstream pathway activated by a receptor due to change in the duration and/or strength of the signal upon ganglioside binding [81, 86, 150]; change in the rate of internalization (recycling) of a surface receptor [87]; activation of or colocalization with a protein phosphatase (inactivation of a receptor) [95, 129]; and, finally, gangliosides themselves serving as cell surface receptors [152-154]. Some of these proposed models could account for the stimulatory effect of exogenously added ganglioside GD1a in human dermal fibroblasts, but none of these diverse mechanisms appear to apply to EGF receptor signaling directly or indirectly in mouse embryonic fibroblasts.

Erk1/2 MAP kinase activity in GM3S-deficient human dermal fibroblasts

Our results in the serum starvation/stimulation experiment are similar to the effect of endogenous gangliosides on EGF receptor activation, namely we did not observe a notable difference in MAP kinase (Erk1/Erk2) activity between ganglioside-less human fibroblasts (Mutant-1 and Mutant-2) and their age-matched controls (Normal-1 and Normal-2). Serum is known to contain numerous growth factors and it definitely has a significant effect on MAP kinase activity when cells are starved in serum free medium and then exposed to 0.7% serum (Fig. 47). If endogenous gangliosides play an important role in the plasma membrane organization of cell surface receptors [68], then complete elimination of gangliosides from the cell would be expected to disrupt those signaling cascades, many of which feed into the MAP kinase pathway. Somewhat unexpectedly, we did not observe a diminished response in the ganglioside-less human dermal fibroblasts compared to wild type controls. This suggests that while one or another ganglioside may affect individual growth factor receptors and signaling pathways as has been reported in literature (Table 2), endogenous cellular gangliosides collectively do not seem to be necessary for proper functioning of the mitogenic pathways and their respective surface receptors in the cells (fibroblasts) that we studied here. 


In contrast, exogenous gangliosides can have an effect on growth factor signaling pathways. Our present data (Fig. 47) in human dermal fibroblasts and our previously published results [1, 7] suggest that exogenously added gangliosides such as tumor-shed gangliosides can have a strong stimulatory effect on growth factor receptors. Another important factor is the subtle structural differences between normal and tumor-shed gangliosides [15, 257]. For instance, tumor shed gangliosides have been shown to have a shorter fatty acyl chain and to be more immunosuppressive than normal cellular gangliosides [167]. Identification of cell signaling effects unique to gangliosides isolated from tumor cells will be an important future direction for study.

Conclusions

1. In mouse embryonic fibroblasts (MEFs) homozygous for GM3 synthase knockout, there is a switch to the alternative 0-series ganglioside biosynthetic pathway. Mass spectrometry by MALDI-TOF showed that those gangliosides were GM1b, GalNAc-GM1b, GD1α, and GD1c, and that they were present at 20 to 25 percent of the total normal ganglioside level. This is the first report of these uncommon gangliosides being present in fibroblasts.

2. In contrast, gangliosides were virtually undetectable in GM3 synthase -/- human dermal fibroblasts (an estimated over 95% inhibition). 

3. EGFR activation assays showed that neither partial reduction in endogenous ganglioside level (GM3S heterozygous MEFs) nor nearly complete elimination of gangliosides from the cell (GM3S homozygous human dermal fibroblasts) resulted in a statistically significant change in EGF receptor activity. 

4. In contrast, preincubation of human dermal fibroblasts (but not MEFs) with exogenously added ganglioside GD1a resulted in a significant enhancement of EGF receptor autophosphorylation (p = 0.006). 

The results suggest that EGF receptor activity is not affected by changes in endogenous gangliosides of fibroblasts, while it can be enhanced by exogenously added gangliosides (e.g. tumor-shed gangliosides). The effect of tumor-derived gangliosides on cell signaling will be the subject of future studies.
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Figure 3. Some of the uncommon gangliosides of globo- and neolacto-series. SGG – sialosyl galactosyl globoside; DSGG – disialosyl galactosyl globoside. (Adapted from [5], with permission).
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   Figure 1. Ganglioside biosynthetic pathways. Three major pathways of ganglioside synthesis are a-series, b-series and c-series (marked on the right). These three major pathways all derive from ganglioside GM3 and are often called ganglio-series. These pathways produce the most common gangliosides that are present in virtually any mammalian tissue and cell type (in distinct ganglioside patterns specific for each tissue and cell type). Zero-series (0-series), also known as asialo-series, is a pathway that is responsible for much less common gangliosides GM1b, GD1-alpha and GD1c which are not detectable in most mammalian tissues (Table 1). Even more uncommon are gangliosides derived from globo-, isoglobo-, lacto-, neolacto-, and muco-series of neutral glycosphingolipids shown on the left side of the figure. Enzymes responsible for each step in a pathway(s) are shown in gray letters and the abbreviations are as follows: Glc T – glucosylceramide synthase; Gal T1 – galactosyltransferase I; GM3 Syn – GM3 synthase; Siat2 – sialyltransferase II; Siat3 – sialyltransferase III; GalNAc T is N-acetylgalactosaminyl transferase, also known as GM2 synthase; Gal T II – galactosyltransferase II; Siat4 – sialyltransferase IV, Siat5 – sialyltransferase V. Names of some glycosphingolipids are abbreviated as follows: GlcCer – glucosylceramide, GalCer – galactosylceramide, LacCer – lactosylceramide, SGG - sialosyl galactosyl globoside; DSGG – disialosyl galactosyl globoside.





Figure 35. Mass spectrometric analysis of sample 1 of gangliosides (Fig. 34)  from 


GM3S -/- MEFs. Molecular ions 1830, 1942 and 1940 are gangliosides GD1α D18:1-C16:0, GD1c D18:1-C24:0, and GD1c D18:1-C24:1 respectively. For each type of ganglioside (carbohydrate moiety) there are often several species with a different ceramide structure. The gangliosides were purified from GM3S -/- mouse embryonic fibroblasts and were analyzed by reflectron negative ion detection MALDI-TOF.





Figure 36. Identification of ganglioside GD1-alpha using reflectron negative ion detection MALDI-TOF tandem mass spectrometry (MS/MS). The ganglioside was isolated from GM3S -/- mouse embryonic fibroblasts and it belongs to the 0-pathway of ganglioside biosynthesis (Fig. 1, page 4).





Figure 37. Mass spectrometric analysis of sample 2 of gangliosides (Fig. 34) from GM3S -/- MEFs. Molecular ions 1517, 1629, and 1627 are gangliosides GM1b D18:1-C16:0, GM1b D18:1-C24:0, and GM1b D18:1-C24:1 respectively. Molecular ions 1720, 1832, and 1830 are gangliosides GalNAc-GM1b D18:1-C16:0, GalNAc-GM1b D18:1-C24:0, and GalNAc-GM1b D18:1-C24:1 respectively. For each type of ganglioside (carbohydrate moiety) there are often several species with a different ceramide structure. The gangliosides were purified from GM3S -/- mouse embryonic fibroblasts and were analyzed by reflectron negative ion detection MALDI-TOF.








Figure 38. Identification of ganglioside GM1b using reflectron negative ion detection MALDI-TOF tandem mass spectrometry (MS/MS). The ganglioside was isolated from GM3S -/- mouse embryonic fibroblasts and it belongs to the 0-pathway of ganglioside biosynthesis (Fig. 1, page 4).
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				GM3S +/+						GM3S +/-						GM3S -/-

				c		e		ge		c		e		ge		c		e		ge		average		quotient

		Yihui		1		30.48		30.51		1.13		24.46		33.17		0.99		34.93		41.8		22.0522222222		0.0415231776

				0.041523		1.26562104		1.26686673		0.04692099		1.01565258		1.37731791		0.04110777		1.45039839		1.7356614		<<adjusted for Dec-05

		Oct-05		0.0035587189		0.4792108452		0.6242526396		0.201485922		1.2436432093		0.9277185153		0.1372863248		0.7193932828		0.6520833333		0.5542925324		1.6519766858

				0.0058789217		0.7916452944		1.0312510028		0.3328501089		2.054469978		1.5325696498		0.226793851		1.1884211571		1.0772266688		<<adjusted for Dec-05

		Dec-05		0.0095011876		1.2251308901		1.3261648746		0.0531726338		1.5288407691		1.2806372549		0.0090925623		1.42966801		1.3788968825		0.9156783405

																						<<no adjustment

				0.0189677031		1.0941324082		1.2080942025		0.1443145776		1.5329877757		1.3968416049		0.0923313944		1.356162519		1.3972616504		<<average of three experiments

				0.0196172441		0.2627426565		0.1559942481		0.1633064778		0.5194211151		0.1270958847		0.117543003		0.1456376		0.3296013082		<<standard deviation
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Figure. The response curve for EGF stimulation in mouse embryonic fibroblasts, GM3S -/- and wild type. Western blot (figure …) was quantified by densitometry and the results plotted as arbitrary units of EGFR autophosphorylation as a function of EGF conce
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				C		E		G/E		C		E		G/E		Average		Quotient
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