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Summary

s-adenosylmethionine (SAM) is the sole methyl donor modifying histones, nucleic acids and 

phospholipids. Its fluctuation impacts hepatic phosphatidylcholine (PC) synthesis or may be 

linked to variations in DNA or histone methylation. Physiologically, low SAM is associated with 

lipid accumulation, tissue injury and immune responses in fatty liver disease. However, molecular 

connections between SAM limitation, methyltransferases and disease-associated phenotypes are 

unclear. We find that low SAM can activate or attenuate Caenorhabditis elegans immune 

responses. Immune pathways are stimulated downstream of PC production on a non-pathogenic 

diet. In contrast, distinct SAM-dependent mechanisms limit survival on pathogenic Pseudomonas 

aeruginosa. C. elegans undertakes a broad transcriptional response to pathogens and we find that 

low SAM restricts H3K4me3 at Pseudomonas-responsive promoters, limiting their expression. 

Furthermore, this response depends on the H3K4 methyltransferase set-16/MLL. Thus, our studies 

provide molecular links between SAM and innate immune functions and suggest that SAM 

depletion may limit stress-induced gene expression.

Introduction

Metabolites can regulate signaling and transcriptional pathways by providing small 

molecules that modulate protein or nucleotide function, coordinating nutrition with 

physiology. For example, in Caenorhabditis elegans dietary variation in vitamin B12 leads 
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to changes in fertility, lifespan and gene expression allowing adaptation to distinct 

nutritional sources (Macneil et al., 2013; Watson et al., 2013; Watson et al., 2014). Another 

metabolite that can affect a broad array of mechanisms is s-adenosylmethionine (SAM). 

Produced by the 1-carbon cycle (1CC), SAM is the donor for methylation of histones and 

other proteins, nucleic acids, and is used in phospholipid synthesis (Kaelin and McKnight, 

2013; Mato et al., 2008; Vance, 2014) (Figure 1A, see also Table S1 for human orthologs). 

Reduced 1CC function is strongly associated with metabolic disorders, particularly fatty 

liver disease, which is characterized by lipid accumulation and immune dysfunction (Lu et 

al., 2001). SAM deficiency may also underlie liver pathology in alcohol-induced fatty liver 

disease (ALD) and nutritional limitation of 1CC function accelerates injury in ALD models 

(Halsted et al., 2002). Mammalian cells have more than 200 genes predicted to encode 

SAM-dependent methyltransferases (Petrossian and Clarke, 2011). However the 

mechanisms connecting SAM levels to specific methyltransferases and molecular changes 

underlying disease phenotypes are unresolved (Kaelin and McKnight, 2013).

We have previously used C. elegans to discern molecular mechanisms linking decreased 

SAM to lipogenesis and identified a conserved regulatory loop activating the transcription 

factor SBP-1/SREBP-1 when SAM or the methylated phospholipid phosphatidylcholine 

(PC) are low (Walker et al., 2011). Here, we find that C. elegans with reduced function of 

the SAM-synthase sams-1 and concomitant decreases in SAM also have complex immune 

phenotypes. C. elegans consuming standard E. coli diets have activated immune signatures 

linked to requirements for SAM in PC production. However, low SAM also impacts histone 

methylation during acute transcriptional responses, limiting protective gene expression 

programs upon exposure to the bacterial pathogen Pseudomonas aeruginosa. Thus, 

phenotypic consequences of SAM deficiency differ as requirements for methylation are 

changed. Finally, our results suggest that low SAM restricts stress-responsive transcription, 

potentially linking 1CC dysfunction and tissue injury in metabolic disease.

Results

sams-1 knockdown results in activation of innate immune genes in absence of pathogenic 
bacteria

In C. elegans, knockdown of the SAM synthase sams-1 decreases SAM and SAH levels 

around 65% and is associated with increased lipogenesis, decreased fertility and extended 

lifespan (Hansen, 2005; Walker et al., 2011) (see also Figure S1A). We previously showed 

that lipogenic gene expression, lipid accumulation and fertility defects in sams-1 animals are 

linked to synthesis of PC, a methylated phospholipid. Reductions in PC lead to lipid 

accumulation by activating the transcription factor SBP-1/SREBP-1. To identify other 

groups of genes that change after sams-1 RNAi and determine if they are also regulated by 

SBP-1/SREBP-1, we profiled whole genome mRNA expression from sams-1 and sbp-1 

RNAi animals (GEO accession: GSE70692). As expected, we found lipogenic genes 

increased in sams-1(RNAi) animals (Figure 1B, green labels; Table S2). Surprisingly, 

immune regulators were the most significantly enriched category of upregulated genes 

(Figure 1B, yellow labels; Table S2). These include components of mitogen activated 

protein kinase (MAPK) pathways, transcription factors important for immune gene 
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activation as well as infection-response genes, which encode antimicrobial effectors 

activated upon exposure to pathogens (see Table S2 tab: GO terms) (Engelmann et al., 

2011). We validated expression profiling results by quantitative RT-PCR of selected genes 

normalized to act-1 levels after sams-1(RNAi) (not shown), as well as in sams-1(ok3033) 

animals (Figure S1B, C). We also normalized qPCR validations to an external “spiked-in” 

RNA (JNK1a1 alpha, gift of Dr. Roger Davis). These results were similar to the microarray 

and to the act-1 normalized qPCR for upregulated (Figure 1 C, D), down regulated (Figure 
1E) or unchanged genes (Figure 1F) tested. Finally, Lu et al. previously reported changes in 

some immunity-related genes in mice with a targeted deletion in the SAM synthase MAT1A 

and fatty liver disease (Lu et al., 2001). Taken together, these results suggest that 

upregulation of innate immune genes is a major response to methyl donor depletion.

We previously identified a feedback loop stimulating lipogenic SBP-1/SREBP-1-dependent 

gene expression in sams-1(RNAi) animals (Walker et al, 2011) (see also Figure 1B, G, 
green highlighting). Innate immune genes may be activated by SREBP proteins in 

mammalian macrophages (Im et al., 2011), therefore we asked if SBP-1/SREBP-1 was 

required for immune gene expression after sams-1 RNAi in C. elegans. However these 

genes were also broadly upregulated after sbp-1 RNAi (Figure 1G). Furthermore, activation 

of innate immune genes in sams-1(lof) animals occur when sbp-1 is depleted (not shown). 

Thus, innate immune gene upregulation in sams-1 animals seems unlikely to depend on of 

feedback loops activating SBP-1/SREBP-1 and may be downstream of distinct SAM and/or 

PC-dependent pathways.

The PMK-1/p38 MAPK kinase pathway is constitutively active in sams-1 animals

Innate immunity in C. elegans depends on PMK-1, a p38 MAP Kinase important for 

pathogen responsive expression of many infection response genes (Kim, 2013; Troemel et 

al., 2006) (Figure 2A). Next, we asked if sams-1-dependent increases in immune gene 

expression required pmk-1 and found that upregulation was less robust when sams-1 was 

depleted in pmk-1(lof) mutants (Figure 2B). We also examined expression of irg-1, which is 

induced independently of pmk-1 upon Pseudomonas exposure (Troemel et al., 2006). 

Although not identified in our microarray study, irg-1 reproducibly increased after sams-1 

RNAi in qRT-PCR experiments, requiring pmk-1 (Figure 2B). Thus, there may be some 

regulatory distinctions between low SAM and pathogen exposure. Loss of pmk-1 did not 

limit upregulation of lipogenic genes, or arf-1.1, the gene with the highest-fold increase in 

sams-1(RNAi) microarrays (Figure 2C), demonstrating that pmk-1 is not generally required 

for transcriptional changes in sams-1(RNAi) animals.

PMK-1 can be activated by various stresses, however pathogen-responsive phosphorylation 

depends on a conserved signal transduction pathway downstream of the TIR-1/SARM1 

adaptor protein (Couillault et al., 2004; Kim et al., 2002; Troemel et al., 2006) (Figure 2A). 

To determine if innate immune gene activation was accompanied by PMK-1/p38 MAPK 

phosphorylation through this pathogen-response pathway, we determined levels of 

phosphorylated PMK-1/p38 in sams-1(lof) or RNAi animals (Figure 2D, E). As expected, 

PMK-1/p38 MAPK phosphorylation is induced in response to PMA (a stimulator of p38 

MAPKs in C. elegans and mammals (Kawli and Tan, 2008)) (Figure 2D, lanes 1,2) or upon 
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exposure to Pseudomonas (Figure 2D, lanes 1,3) and fails to occur in animals lacking the 

upstream adaptor tir-1 (Figure 2D, lanes 1-3, 7-9). Strikingly, PMK-1/p38 MAPK was 

constitutively phosphorylated in sams-1(lof) animals (Figure 2D, lane 4) or after sams-1 

RNAi (Figure 2E, lane 4) and phosphorylation was refractory to additional stimulation with 

PMA or Pseudomonas (Figure 2D, lanes 4-6). Appearance of this band did not occur after 

pmk-1 was also mutated (Figure 2E, lanes 4,5) and decreased when tir-1 was absent 

(Figure 2E, lanes 4, 6), suggesting that this PMK-1/p38 MAPK phosphorylation occurs in 

the context of pathogen-responsive signaling, even in the absence of bacterial stimuli.

Innate immune activation is downstream of PC in sams-1 animals

SAM has not been previously identified as an effector of PMK-1/p38 MAPK signaling. 

Therefore, we asked which methylation-dependent processes (Figure 1A) might link SAM 

to innate immune activation. To distinguish between PC-dependent or –independent effects, 

we provided dietary choline, which enables methylation independent PC production (Vance, 

2014), returns PC levels to wild type levels (Figure S1D) and robustly rescues lipogenic 

phenotypes after sams-1(RNAi) (Walker et al., 2011). C. elegans lack a betaine 

hydoxymenthltransferase ortholog, making it unlikely that choline act to regenerate SAM in 

nematodes (Wasmuth et al., 2008). First, we profiled genome wide mRNA expression in 

sams-1(RNAi) and sams-1(RNAi) animals treated with choline (GEO accession: GSE70693). 

Choline had few significant effects on gene expression in control animals (Figure 3A, 

Vec/CH; Table S3). Surprisingly, most gene expression changes after sams-1(RNAi) were 

returned to wild type levels by choline (Figure 3A). As in our previous array study (Figure 
1B) we found that many lipogenic and innate immune genes were upregulated (Figure 3 
B,C; Figure S1B, C). Next, to determine if blocking PC synthesis downstream of SAM was 

necessary and sufficient to affect innate immune gene expression, we performed RNAi of 

the rate-limiting enzyme for PC production, pcyt-1/PCYT1. We found that pcyt-1 RNAi was 

sufficient to activate lipogenic genes (as in (Walker, et al. 2011)), innate immune genes 

(Figure S1 E-J) and also induced PMK-1 phosphorylation (not shown). There was little 

significant change in the expression of lipogenic or immune genes in sams-1(lof); 

pcyt-1(RNAi) animals, as would be expected if these sams-1 and pcyt-1 act in the same 

pathway. We noted that choline treatment caused increased expression of innate immune 

genes in wild type animals exposed to pcyt-1 RNAi. Importantly, choline was no longer 

sufficient to rescue gene expression increases in sams-1(lof); pcyt-1(RNAi) animals, 

demonstrating that PC biosynthetic enzymes are required for choline rescue of sams-1 

immune phenotypes. Finally, we found that PMK-1/p38 MAPK phosphorylation returned to 

control levels in sams-1(RNAi) animals supplemented with choline (Figure 3E). Thus, 

mechanisms activating innate immunity in low SAM appear directly linked to PC 

production.

sams-1(lof) animals die rapidly when exposed to Pseudomonas

The presence of phosphorylated of PMK-1 and increases in immune genes suggest that 

sams-1 animals could resist pathogenic challenge. To test this, we exposed sams-1(lof) 

animals to virulent Pseudomonas (PA14). Surprisingly, sams-1(lof) animals died faster than 

control animals on PA14 (Figure 4A; Table S4). Survival of sams-1(lof); pmk-1(lof) 
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animals was identical to pmk-1(lof) alone. Pseudomonas represents a distinct nutritional 

source from E. coli, therefore we asked if the bacterial food source or the strain virulence 

affected survival by exposure to the attenuated strain Pseudomonas gacA (Tan et al., 1999). 

In contrast to poor survival on PA14, we found that sams-1(lof) animals lived slightly longer 

than wild type on Pseudomonas gacA and that pmk-1 was important for this effect (Figure 
4B, Table S4). This suggests that poor survival on PA14 is linked to pathogenicity rather 

nutritional content and that the constitutive phosphorylation of PMK-1 could play a role in 

sams-1(lof) animals in moderate or weakly pathogenic contexts. sams-1(RNAi) animals live 

longer than wild type animals when fed E. coli; while this effect appears linked to dietary 

restriction, the mechanisms remain unclear (Hansen, et al. 2005). Links between innate 

immunity and lifespan extension (Kurz and Tan, 2004) prompted us to ask if pmk-1 was also 

needed for lifespan extension of sams-1(lof) on E. coli. However, pmk-1 was dispensable for 

lifespan extension (Figure 4C), demonstrating that the control of lifespan in sams-1 animals 

differ from effects on innate immunity.

Sensitivity to pathogens can arise from mechanisms including failure of the PMK-1/p38 

MAP kinase pathway or clearance of intestinal bacteria via effects on defecation (Kim, 

2013). The constitutive activation of PMK-1 (Figure 2D, E) in sams-1 animals suggests that 

signaling to PMK-1 is intact, but insufficient for full protection. We also examined bacterial 

load in sams-1(lof) animals and found more Pseudomonas (PA14 GFP) in the gut lumen 

after 24 or 48 hours with additional intestinal distension, another hallmark of Pseudomonas 

sensitivity (Irazoqui et al., 2010) (Figure 4D-F). General mechanisms regulating bacterial 

processing were not grossly affected, as E. coli (OP50 GFP) levels were similar in 

sams-1(lof) animals and wild type (Figure 4E, F, not shown). Thus, mechanisms limiting 

survival of sams-1(lof) animals on Pseudomonas appear distinct from previously described 

pathogen responses.

Failure of transcriptional response to Pseudomonas in sams-1(lof) animals

Despite activation of the protective PMK-1/p38 MAPK pathway, sams-1(lof) animals die 

rapidly on Pseudomonas. This paradox suggests SAM-depleted animals are deficient in 

other aspects of the pathogen response. To understand what these impairments might be, we 

examined the transcriptional dynamics for the innate immune genes that increase in 

expression upon contact with Pseudomonas, referred to as infection response genes. Upon 

exposure to virulent Pseudomonas, wild type C. elegans rapidly remodel gene expression, 

with some transcripts rising 200 fold within 4-8 hours (Troemel et al., 2006) (see also 

Figure 5A-D). Although infection response genes are upregulated in sams-1 animals fed E. 

coli, the increase is moderate (2-5 fold, with a few as high as 10 fold) (Figure 1B; Figure 
S1C). Remarkably, induction of these genes did not occur in sams-1(lof) animals exposed to 

virulent Pseudomonas (Figure 5A, B). This effect did not extend to genes specific to other 

stresses, as the oxidative stress response gene, sod-3, remained unchanged. To determine if 

failure to induce these genes was linked to higher basal expression on E. coli, we examined 

Pseudomonas-responsive genes from Troemel, et al. (2006) that were expressed normally in 

sams-1 animals fed E. coli. We found these infection response genes also failed to increase 

in sams-1(lof) animals exposed to Pseudomonas (Figure 5C, D). Thus, the transcriptional 
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response to Pseudomonas is blunted when SAM is depleted and suggests that a breakdown 

in stress-inducible gene expression underlies pathogen sensitivity in sams-1(lof) animals.

Moderate increases of innate immune genes after sams-1(RNAi) on E. coli appears linked to 

both SAM and PC, as dietary choline returns gene expression to wild type levels (Figure 
3C; Figure S1C). We next asked if induction defects were related directly PC production or 

were instead due to deficiencies in other methylation-dependent processes. We differentiated 

SAM/PC and SAM PC-independent pathways using several criteria. First, we examined 

dynamics of Pseudomonas-induced gene expression when C. elegans were raised on choline 

as SAM-independent source of PC. We found that choline supplementation did not rescue 

the failure of infection response gene induction on Pseudomonas in sams-1(lof) animals 

(Figure 5E, F). Second, Pseudomonas, unlike E. coli, synthesizes PC (Malek et al., 2012). 

This PC appears sufficient to rescue lipid droplet formation and lipogenic gene expression in 

sams-1 animals exposed to attenuated Pseudomonas strains for 48 hours (Figure 5G, H), 

suggesting that C. elegans fed Pseudomonas are not PC restricted. Thus, defects in infection 

response gene induction seem unlikely to be linked to PC production and rather is likely to 

depend on other SAM-dependent methyltransferases.

Alterations in H3K4 methylation in sams-1 animals

Although most gene expression changes in sams-1(RNAi) animals in basal conditions on E. 

coli are linked to changes in PC (Figure 3A), we reasoned that rapid transcriptional 

remodeling after contact with Pseudomonas might reveal requirements for SAM in histone 

methylation, as modifications are reconfigured along with gene expression. We focused on 

activating methylation marks such as H3K4me3 that are associated with high level gene 

expression in a variety of species, including C. elegans (Shilatifard, 2012). H3K4me3 has 

been shown to vary as SAM levels change in cultured cells (Shyh-Chang et al., 2013), as 

well as in mouse liver (Kraus et al., 2014). To determine if H3K4 methylation was an 

important determinant in pathogen-induced gene expression, we examined several 

parameters. First, we used immunostaining to compare levels of H3K4me3 wild type and 

sams-1(RNAi) animals and found broad decreases in the global H3K4me3 levels in intestinal 

cells (Figure 6A, B; Figure S2A). Specificity of H3K4me3 can be seen by staining on 

autosomes, but not transcriptionally inactive X chromosome in pachytene nuclei (Bean et 

al., 2004) (Figure S2B). This decrease was unaffected by dietary choline (Figure 6 A, B; 
Figure S2A), providing further evidence that decreases in H3K4 methylation are 

independent of PC-based pathways and could be directly affected by SAM levels.

Although changes in H3K4 methylation are not predicted to affect transcription globally in 

basal conditions (Weiner et al., 2012), we confirmed that reduction in SAM does not have 

global effects on transcription by examining nuclear levels of transcribing RNA Pol II 

(Figure 6C; Figure S2C-F). Neither promoter-associated Pol II phosphorylated on Ser5 of 

the C-terminal domain (CTD) or Pol II CTD phospho-Ser2 (enriched in open reading 

frames) (Hsin and Manley, 2012) differed significantly between sams-1(RNAi) and controls. 

Furthermore, nuclear levels of H3K36 methylation, which like Pol II Ser2, maps to open 

reading frames of actively transcribed genes (Shilatifard, 2006), or H3K9 acetylation, which 

is specific to promoter regions (Shilatifard, 2006) appeared equivalent in control and 

Ding et al. Page 6

Cell Metab. Author manuscript; available in PMC 2016 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sams-1(RNAi) animals (Figure 6 D; Figure S2 G-H). We also found no changes in a 

repressive methylation mark, H3K9me3 (Figure 6D; Figure S2I). Thus, it appears that most 

basal transcriptional functions in E. coli-fed sams-1(RNAi) intestinal nuclei occur normally 

despite decreases in SAM levels and nuclear staining with antibodies to H3K4me3.

We next sought to determine if the dynamic responses of infection response genes upon 

Pseudomonas exposure were accompanied by changes in H3K4me3. Using chromatin 

immunoprecipitations with antibodies specific to H3K4me3 (see Figure S2I: pcaf-1 5’ and 

3’, (Xiao et al., 2011)), we found that wild type animals increased H3K4me3 levels at 

infection response genes upon exposure to virulent Pseudomonas (Figure 6E-I), consistent 

with robust transcriptional activation of these genes (Figure 5A-D). Importantly, increases 

in H3K4me3 did not occur in sams-1(lof) animals exposed to Pseudomonas, correlating 

strongly with the failure to induce these genes.

We also examined H3K4me3 levels on control genes with similar expression levels on E. 

coli and Pseudomonas. The oxidative stress response gene sod-3, the control gene pcaf-1 

and non-intestinally expressed gene odr-10 showed equivalent H3K4me3 methylation in 

both control and PA14 samples (Figure 6J; Figure S2J, K), showing that H3K4me3 

hypermethylation upon Pseudomonas exposure was linked to dynamic increases in 

expression of those genes. In apparent contrast to significant decreases in global H3K4me3 

seen in immunofluorescence of sams-1(RNAi) intestinal nuclei, H3K4me3 was not 

decreased in basal conditions on infection response genes, pcaf-1, sod-3 or odr-10. 

Therefore we compared H3K4me3 levels at the start site for genes expressed at high levels 

in the intestine as well as other tissues (ama-1, rpb-2, act-1, arf-1.1 and taf-1), an intestinal 

specific gene (ges-1) and a gene not expressed in hermaphrodites (her-1) with control 

intragenic primers (Figure S2 I). We found that H3K4me3 was significantly enriched at the 

control gene start sites in both wild type and sams-1(lof) for the intestinally expressed genes, 

suggesting that the broad decrease in global H3K4me3 could reflect other genes or 

differences in sensitivity between immunofluorescence and chromatin immunoprecipitation. 

Taken together, our assays suggest that deficits in SAM have the greatest effects on 

promoters with dynamic changes expression and in H3K4me3.

set-16/MLL is critical for transcriptional response to pathogenic stress

H3K4 modification may occur through the action of several methyltransferases which 

function in the COMPASS methyltransferase complex (Shilatifard, 2012). C. elegans 

contains orthologs of catalytic COMPASS complex components such as set-2/SET1 and 

set-16/MLL (Wenzel et al., 2011) which function in germline-dependent transgenerational 

regulation of lifespan and also in development (Greer et al., 2010; Greer et al., 2011; Li and 

Kelly, 2011; Xiao et al., 2011). We next asked which H3K4 methyltransferases were most 

important for global histone methylation in the intestine and for induction of infection 

response genes. set-2/SET1 is reported to function as the major H3K4 methyltransferase in 

the distal germline as well as during development (Li and Kelly, 2011; Xiao et al., 2011). 

Consistent with these observations, H3K4me3 is significantly reduced in set-2(RNAi) 

intestinal nuclei (Figure 7A, B), although the characteristic autosome-specific staining 

pattern can be seen in pachytene nuclei (Figure S3A). Strikingly, infection response gene 
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induction after set-2/SET1(RNAi) occurs normally, suggesting set-2/SET1 does not play an 

essential role in the transcriptional response to Pseudomonas (Figure 7C-E). In contrast, 

set-16/MLL knockdown showed a more moderate decreases in global nuclear levels of 

H3K4me3 in intestinal nuclei (Figure 7A, B), but was necessary for complete induction of 

majority of infection response genes (Figure 7F-H). As with sams-1, we found that set-16 

was necessary for H3K4me3 at infection response gene promoters (Figure S3 B-E) and that 

methylation was similar between control and set-16(RNAi) samples on control genes 

(Figure S3 F). Consistent with this observation, candidate lists from an RNAi screen for 

genes important for irg-1::GFP induction on Pseudomonas include T12D8.1 (identified as 

set-16) (Estes et al., 2010). This suggests genes requiring set-16/MLL-dependent 

methylation may be preferentially affected by SAM depletion during the transcriptional 

response to pathogens.

Discussion

The 1-carbon cycle links dietary levels of folate and B12 to nucleotide production, protection 

from oxidative stress and synthesis of the methyl donor SAM (Lu and Mato, 2008). Diverse 

cellular pathways are impacted by methylation, including epigenetic modification of 

histones or DNA (Kaelin and McKnight, 2013), phospholipid production (Vance, 2014), 

RNA modification (Ha and Kim, 2014) and the reach of non-histone protein methylation is 

only partly described (Moore et al., 2013). Many studies addressing physiological roles of 

methylation have focused on inactivating specific methyltransferases complexes, however, 

reductions in SAM due to dietary deficiencies, genetic polymorphisms or environmental 

factors may not impact all methyltransferases equivalently, therefore it has been difficult to 

discern how changes in SAM levels interface with molecular mechanisms.

We have made important new connections between SAM levels and phenotypes associated 

with metabolic disease by determining which methylation-dependent pathways are most 

sensitive to SAM depletion on different diets and stress conditions. In C. elegans living on 

E. coli, sams-1(RNAi) or loss of function results in accumulation of lipid droplets (Walker et 

al., 2011), lifespan extension (Hansen, 2005) and upregulation of innate immune signatures. 

The upregulation of lipogenesis or PMK-1-dependent innate immunity appears linked to 

decreased PC, as both phenotypes are rescued by dietary choline. However, lipogenesis and 

innate immune activation appear regulated by distinct mechanisms downstream of PC, since 

innate immune genes do not appear to be activated by the SBP-1/SREBP-1 transcription 

factors driving lipogenesis. PC is both an integral membrane component and a substrate for 

phospholipases involved in signaling (Vance 2014). Low PC could non-specifically alter 

basic membrane properties and induce PMK-1 similarly to mechanisms sensing epidermal 

wounding (Zugasti et al., 2014) or the action of pore forming toxin (Huffman et al., 2004). 

However, as in the case of low cholesterol activation of SREBP in mammals (Osborne and 

Espenshade, 2009), levels of membrane lipids may also act as part of highly specific 

molecular mechanisms to change protein activity. Stimulation of innate immunity has been 

suggested as the “second hit” in the development of fatty liver disease after lipid 

accumulation (Jin et al., 2013), therefore, finding that both lipogenic and specific innate 

immune gene expression programs can be affected by changes in SAM/PC levels is striking 
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and suggests that these distinct phenotypes could be regulated by similar metabolic 

dysfunctions.

Exposure of sams-1 animals to Pseudomonas, on the other hand, elicits a distinct set of 

metabolic and stress related phenotypes. In surprising contrast to innate immune activation 

and lifespan extension when fed E. coli, sams-1(lof) animals die rapidly when exposed to 

virulent Pseudomonas and do not implement critical transcriptional responses to bacterial 

stress. Despite global decreases in H3K4me3, we do not find evidence that basal 

transcriptional processes are altered. Rather, the biological effects of decreased SAM 

emerge when new transcription to combat Pseudomonas becomes essential. H3K4me3 

accumulation accompanies infection response gene induction in wild type animals, but is 

absent in sams-1(lof) animals, suggesting transcriptional consequences of H3K4me3 

deficiency are evident under conditions that promote large scale changes in gene expression.

It is also striking that the H3K4 methyltransferase set-16/MLL, which has a less dramatic 

effect on total methylation than set-2/SET1, has a more critical role inducing infection 

response genes in response to Pseudomonas. Interestingly, MLL has been proposed to 

bookmark genes that have the highest dynamic range of gene expression as cells exit 

mitosis, while SET1 may be important for maintaining H3K4 methylation (Blobel et al., 

2009). Several studies have shown global H3K4 methylation likely to be affected when 

SAM is limiting (Kraus et al., 2014; Shyh-Chang et al., 2013), however, we find that SAM 

depletion specifically mirrors set-16/MLL-dependent effects on stress induced gene 

expression.

Extensive studies have highlighted the importance of chromatin-regulatory complexes 

affecting histone methylation (Shilatifard, 2012; Weiner et al., 2012), or the need SAM to 

support PC synthesis in the liver (Vance, 2014). However mechanistic links between SAM 

levels and phenotypes associated with metabolic disease have been difficult to discern. Our 

studies in the C. elegans pathogen response suggest that sams-1 can preferentially affect 

set-16-dependent H3K4 methylation. Interestingly, Twobin et al. have found that a different 

SAM synthase, sams-3, is important for repressive H3K9 methylation (Towbin et al., 2012), 

suggesting methyltransferases might access distinct pools of SAM or require interactions 

with specific synthases. Several important studies have focused on effects of altering histone 

methylation in C. elegans through inactivating H3K4 methylation complexes and found 

transgenerational germline-dependent consequences on lifespan (Greer et al., 2010; Greer et 

al., 2011). Our studies demonstrate that SAM depletion significantly impacts physiology by 

limiting acute transcriptional responses to stress. Finally, as depletion of SAM affects 

multiple methylation-dependent pathways, understanding physiological impacts of methyl 

donor limitation requires integration of phospholipid and chromatin mediated effects on 

cellular function.

Experimental Procedures

C. elegans strains and RNAi constructs

N2 (wild type), pmk-1(ku25), tir-1(tm3036), OP50, and OP50 GFP were obtained from the 

Caenorhabditis Genetics Center; PA14, PA14 gacA and PA14 GFP were gifts from the 
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Ausubel lab. Normal growth media (NGM) was used unless otherwise noted, choline was 

added to 30 mM where described. HA1975 sams-1(ok3033) is described in Walker, et al 

(2011). Control RNAi is L4440, X-5P21 was used for sams-1(RNAi); set-2 and set-16 RNAi 

were performed with Orfeome clone C26E6.9 (Rual et al., 2004) and III-6D12 from the 

Ahringer RNAi library (Simmer et al., 2003), respectively.

Gene expression analysis

L4/young adult C. elegans were lysed in 0.5% SDS, 5% β-ME, 10 mM EDTA, 10 mM Tris-

HCl ph7.4, 0.5 mg/ml Proteinase K, then RNA was purified with Tri-Reagent (Sigma). RNA 

for microarrays was purified by RNAeasy columns (Qiagen). For control, sams-1 and 

sbp-1(RNAi) comparisons (Figure 1B, G), Affymetrix Gene 1.1 C. elegans exon tiling 

arrays were used. Affymetrix C. elegans arrays (GeneChip C. elegans Genome Arrays) were 

used for comparison of control, sams-1(RNAi), control choline, and sams-1(RNAi) choline 

samples (Figure 3A-C). cDNA synthesis and array hybridization were carried out by the 

UMASS Microarray core facility. For whole genome analysis, significant genes were 

defined as changing >2.0 fold with a p-value <0.05. GoRilla (http://cbl-

gorilla.cs.technion.ac.il) (Eden et al., 2009) and Revigo (http://revigo.irb.hr) were used for 

GO term analysis. cDNA for quantitative RT-PCR was prepared with the Invitrogen 

Transcriptor kit. cDNA was standardized to act-1, except for Figure 1C-F where a “spike 

in” control was used. Briefly, 20 picograms of in vitro translated (Ambion Megascript) 

human JNK1alpha1 RNA was added to C. elegans samples before cDNA synthesis and PCR 

was quantitated against this absolute standard. Primers for qPCR available upon request. 

Representative experiments from at least three repetitions are shown.

Immunoblottting

C. elegans at the L4/Young adult transition were sonicated in RIPA (50 mM Tris, pH 8.0, 

150 mM sodium chloride, 1% NP40, 0.1% sodium dodecyl sulfate, 0.5% sodium 

deoxycholate) containing 1 mM DTT, Complete Protease Inhibitors (Roche), Phosphostop 

(Roche) and ALLN (Calbiochem). Equal amounts of protein were separated, transferred to 

nitrocellulose and probed with antibodies to phospho p38 (Cell Signaling), sams-1 (MAT1A 

4D11, Novus Biologicals), Histone 3 (Cell Signaling). Immune complexes were visualized 

with ImmobilonTM Luminol Reagent (Millipore).

Lipid analysis

For lipid analysis by thin-layer chromatography (TLC) and gas chromatography-mass 

spectrometry (GC-MS), mid-L4 larvae were harvested and snap-frozen in liquid N2, stored 

at −80°C before lipids extracted, separated, and quant ified as described (Hou et al., 2014).

Pseudomonas treatment

Pseudomonas strains were grown 15 hours in liquid culture, spread to edges of slow kill 

agar in 60mM tissue culture plates, and prepared as in (Powell and Ausubel, 2008). For 

sterilization, gravid hermaphrodites were placed on cdc-25(RNAi) for 6 hours before 

bleaching to cdc-25(RNAi) plates (Shapira and Tan, 2008). More than 100 L4 larvae were 

added to replicate plates of PA14 or PA14 gacA and were incubated at 25 degrees. OASIS 
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was used to generate Kaplan-Meyer plots (Yang et al., 2011). In parallel with pathogenicity 

assays, more than 30 C. elegans young adults sterilized by cdc-25(RNAi) were plated onto 

NGM/OP50 plates and incubated at 20°C. For analysi s of PA14 GFP or OP50 GFP, 

animals were removed at 24 and 48 hours and imaged on a Leica TCS SPE II. For images of 

whole worms, composite images were pasted to grey (DIC) or black (GFP) backgrounds. 

For analysis Pseudomonas-induced effects on gene expression, protein levels or chromatin 

modification, C. elegans were grown on E. coli until L4/young adult, then re-plated on to E. 

coli or PA14 and incubated for 6 hours at 25°C.

Immunofluorescence

For H3K4me3, dissected intestines were incubated in 2% paraformaldehyde, freeze cracked 

then treated with −20°C ethanol before washing in P BS, 1% Tween-20, and 0.1% BSA (Li 

and Kelly, 2011). For H3K9me3, H3K9ac or H3K36, −20°C Methanol was used and washes 

or blocking were performed in PBS, 1% Triton-X100 and 0.1% BSA. For RNA Pol II, slides 

were freeze cracked, fixed in −20°methanol, then 3. 7% formaldehyde and incubated in 

PBS/Triton blocking solution (Walker et al., 2007). Images were taken on a Leica SPE II at 

identical gain settings within experimental sets. Quantitation was derived for pixel intensity 

over nuclear area for at least 10 nuclei. Levels corrections in Adobe Photoshop were 

performed uniformly across experimental sets.

Sudan Black staining

Second day adult C. elegans were fixed in 1% paraformaldehyde before three freeze thaw 

cycles. Samples were washed in 25%, 50% and 75% Ethanol before staining overnight in a 

1:1 dilution of Sudan Black in 75% ethanol. After rehydration, imaging was performed by 

brightfield microscopy on a Leica SPE II.

Chromatin Immunoprecipitations

L4/young adult C. elegans were collected and frozen at −80°C. Frozen pellet s were ground 

and resuspended in 5 volumes of hypotonic lysis buffer (250mM Sucrose, 10mM KCl, 

1.5mM MgCl2, 1mM EGTA, 1mM DTT, plus complete protease inhibitors), dounced with 

pestle A, then nuclei were separated by centrifugation. Crosslinking reactions, performed in 

1% formaldehyde, were stopped by 100mM glycine before sonication. 10 micrograms of 

lysate was pre-cleared with Protein A/G Dynabeads (Invitrogen), then incubated with 

antibodies to H3K4me3 (Cell Signaling) or Histone 3 (Cell Signaling). Immune complexes 

were precipitated with Protein A/G (Invitrogen). For quantitative PCR, a standard curve for 

each primer pair was used to determine the amount of DNA/Ct value, percent of input was 

determined and used for comparison between samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Immmunity markers increase in SAM deficient C. elegans on a standard diet.

• Immune activation is not protective, as Pseudomonas rapidly kills sams-1 

animals.

• sams-1 animals fail to mount a transcriptional response to pathogens.

• sams-1 and set-16/MLL are critical for H3K4me3 in response to Pseudomonas.
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Figure 1. Co-regulation of lipogenic and immune function genes with depletion of SAM
A. Schematic showing C. elegans pathways producing or utilizing SAM. MT is 

methyltransferase, SAM is s-adenosylmethionine, PC is phosphatidylcholine. Human names 

for orthologs are shown in parenthesis, see also Table S1. B. Bar graphs comparing p-values 

for GO categories of genes regulated more than 2.0 fold after sams-1(RNAi). Downregulated 

genes are shown in red bars as log p value. To distinguish upregulated genes, -(log p value) 

was used for blue bars. Immune categories are highlighted in yellow, lipogenic in green. 

Genes are identified in Table S2, tab: GO Categories. Genes that were upregulated (C-D), 
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down regulated (E) or not changed in microarray studies were validated in qRT-PCR 

standardized to an exogenous “spike in” mRNA. G. Bar graphs comparing p-values for GO 

categories of genes regulated more than 2.0 fold after sbp-1(RNAi). Downregulated genes 

are shown in red bars as log p value. To distinguish upregulated genes, -(log p value) was 

used for blue bars. Immune categories are highlighted in yellow, lipogenic in green. Genes 

are identified in Table S3, tab: GO Categories.
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Figure 2. Constitutive activation of innate immune pathway in after sams-1 depletion
A. Schematic showing p38/PMK-1 mitogen activated protein kinase signaling during 

response to bacterial infection in C. elegans (Kim, 2014). B. qRT-PCR comparing innate 

immune gene expression in sams-1(lof) and pmk-1(lof); sams-1(lof) mutants. C. qRT-PCR 

comparing expression of a lipogenic (fat-7) or other (arf-1.1) gene highly expressed gene in 

sams-1(lof) and pmk-1(lof); sams-1(lof) mutants. D. Immunoblot of phospho-PMK-1 in 

vehicle (Veh), phorbol acid treated (PMA) and Pseudomonas aeruginosa (PA) exposed wild 

type (WT), sams-1(lof) or tir-1(lof) mutants. Histone 3 shows loading. E. Wild type, 
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pmk-1(lof) or tir-1(lof) animals were exposed to control or sams-1(RNAi) and 

immunoblotted with antibodies to phosph-PMK-1 or Histone 3. Error bars show standard 

deviation. Results from Student's T test shown by * <0.05, ** <0.01, *** <0.005.
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Figure 3. Restoration of PC synthesis through dietary choline rescues innate immune phenotypes 
in sams-1(RNAi) animals
A. Heat map of genome wide expression changes in sams-1(RNAi), sams-1(RNAi) rescued 

by choline, or vector-only control (Vec) animals supplemented with choline. Heat map 

showing changes in expression level and choline rescue of lipogenic (B) and immune 

function (C) genes. Color values are shown in D. E. Control (Vec) or sams-1(RNAi) animals 

which were grown on normal media or media supplemented with dietary choline (CH) were 

immunoblotted with antibodies recognizing phospho-PMK-1, SAMS-1 or Histone 3.
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Figure 4. Reduced resistance to Pseudomonas aeruginosa in sams-1(lof) animals
Representative Kaplan-Meir plot comparing survival of (WT), sams-1(lof), pmk-1(lof) and 

pmk-1(lof); sams-1(lof) mutants exposed to pathogenic Pseudomonas aeruginosa, PA14 (A), 

the attenuated Pseudomonas strain gacA (B) or E. coli OP50 (C). NS is not significant. 

Additional statistics are available in Table S4. All strains in panels A, B, and C were raised 

on cdc-25(RNAi) to prevent egg laying. D. Fluorescent micrograph showing Pseudomonas 

load (PA14 GFP) after 24 hour exposure in intestines of wild type, pmk-1(lof) and 

sams-1(lof) mutants. Red asterisks show pharynx position. Representative experiments 

showing quantitation of PA14 GFP and OP50 GFP after 24 (E) or 48 (F) hours exposure. 

Number of animals is shown in parentheses. “Partial” refers to light GFP in a section of the 
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intestine, “full light” to light GFP along the length of the intestine and “full bright” to strong 

GFP in the entire intestinal tract.

Ding et al. Page 22

Cell Metab. Author manuscript; available in PMC 2016 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. sams-1(lof) animals lack a transcriptional response to pathogens
qRT-PCR comparing induction of infection response genes by Pseudomonas in wild type 

(WT) or sams-1(lof) mutants after 6 hours of exposure to PA14 compared to the value on E. 

coli (OP50). Infection response genes were selected from innate immune genes with 

moderate induction on E. coli (OP50) after sams-1(RNAi) (A, B) or were selected from 

Troemel et al. (2006) (C, D). E, F. Induction of infection response genes in sams-1(lof) and 

sams-1(lof) choline (CH) rescued animals were compared by qRT-PCR. Lipid droplet 

accumulation shown by Sudan Black staining in anterior intestine (G) and lipogenic gene 
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expression shown by qRT-PCR (H) comparing C. elegans maintained on E. coli and those 

raised on E. coli and transferred at L4 to Pseudomonas gacA for 48 hours. Error bars show 

standard deviation. Results from Student's T test shown by * <0.05, ** <0.01, *** <0.005.
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Figure 6. Infection response genes do not accumulate activating histone methylation marks in 
sams-1(lof) mutants exposed to Pseudomonas
A. H3K4me3 is diminished in nuclei of intestinal cells after sams-1(RNAi) and also in 

choline treated sams-1(RNAi). Yellow bar shows 2 microns. B. Quantitation of 

immuoflourescence showing an average of pixel intensity over area for 8-12 nuclei per 

sample. C. Immunostaining comparing markers of active phosphorylated RNA Polymerase 

II (Pol II PSer 5, PSer 2) with total Pol II (unP) See Figure S2 for quantitation. D. Other 

histone modifications associated with active transcription (H3K36me and H3K9ac) or with 
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heterochromatin (H3K9me3) within intestinal nuclei in control or sams-1(RNAi) animals. 

See Figure S2 for quantitation. E-J. Chromatin immunoprecipitation comparing levels of 

H3K4me3 on infection response or control genes grown on E. coli (OP50) or Pseudomonas 

(PA14) in wild-type (WT) or sams-1(lof) mutants. Input levels were normalized to the WT 

E. coli value on the upstream primer pair. Numerical representation of primer location is 

based on translational start site. Legend in J refers to all panels. Error bars show standard 

deviation. Results from Student's T test shown by * <0.05, ** <0.01, *** <0.005.
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Figure 7. set-16/MLL is important for expression of infection response genes upon Pseudomonas 
exposure
A. Immunostaining of intestinal nuclei with antibodies to H3K4me3 after RNAi of set-2 or 

set-16. Yellow bar shows 2 microns. B. Quantitation of immuoflourescence showing an 

average of pixel intensity over area for 8-12 nuclei per sample. Requirement for set-2/SET1 

(B-D) or set-16/MLL (E-G) for induction of infection response genes upon a 6 hour 

exposure to PA14 compared to E. coli (HT115). Error bars show standard deviation. Results 

from Student's T test shown by * <0.05, ** <0.01, *** <0.005.
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