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Chapter 3

Deficiency of the autophagy modulator Dram1 affects the
transcriptional regulation of metabolic and immune response
pathways during mycobacterial infection

Rui Zhang, Monica Varela, Gabriel Forn-Cuni, Michiel van der Vaart and Annemarie H. Meijer

(Manuscript in preparation)
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Abstract

The widespread and gradually increasing number of multidrug-resistant (MDR) or extensively
drug-resistant (XDR) Tuberculosis (TB) cases remains a major threat to global health. Currently,
it is urgent to develop an effective treatment to combat TB. Using the zebrafish model for TB,
we have previously demonstrated that the lysosomal protein known as DNA Damage Regulated
Autophagy Modulator 1 (Draml) protects against mycobacterial infections via autophagic
defense mechanisms. Dram1 therefore presents a promosing target for host-directed therapy
against TB. To further explore the function of Dram1 in health and during the early stages of TB
pathogenesis, we performed whole organism transcriptome analysis on uninfected and
Mycobacterium marinum (Mm)-infected zebrafish larvae carrying a dram1 loss-of-function
mutation compared to wild type control groups. Under unchallenged conditions, we found that
deficiency of Dram1 affects the network of gene regulation to a small degree, with detectable
differences in proteinase and metabolic pathways. The transcriptome response to
mycobacterial infection was vastly different between dram1 mutants and wild type zebrafish,
which indicates that the immune response to mycobacterial infection is altered in the absence
of Dram1. Furthermore, we found that the metabolic response to mycobacterial infection that
occurs in wild type zebrafish was lacking in Dram1-deficient zebrafish, again pointing towards a
function in metabolic pathways for Dram1. Finally, we highlight that loss-of-function mutation
of dram1 affects cell death and Toll-like receptor (TLR) signaling pathways during mycobacterial
infection. Our analyses suggest that Dram1 is involved in cell death processes activated during
mycobacterial infection, while recognition of mycobacteria by TLRs appears altered in the
absence of Draml. Collectively, our RNAseq study reveals a role for Dram1l in metabolic
processes under basal and pathogenic stress conditions, and emphasizes the importance of

autophagic mechanisms in the host immune response against mycobacterial pathogens.
Introduction

Mycobacterium tuberculosis (Mtb) is the causative organism of Tuberculosis (TB) and remains a

big threat to public health, resulting in nearly 2 million deaths every year *. Around 30% of the
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world population is latently or actively infected with Mtb and there is an increase in the
occurrence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) strains ! The
development of novel effective anti-TB therapies is therefore a key priority >. However, the
pathogenesis of TB is not completely elucidated yet, which hinders the development of new
therapies. Recently, studies performed using the zebrafish TB model have generated new
insights into the host-pathogen interactions underlying TB disease. An excellent example is that
macrophages are sufficient to initiate the formation of tuberculous granulomas under
circumstances in which only the innate immune system is functional 3, Intriguingly, it was found
that mycobacterial virulence factors also contribute to the formation of granulomas, making
these hallmark structures of TB a double-edged sword. Moreover, macrophages also perform
dual roles in TB pathogenesis by both restricting the initial infection via phagocytosis of
mycobacteria and promoting dissemination of infection via subsequent initiation of granuloma

formation * >, which eventually leads to the infection of newly attracted macrophages > °.

Infections with Mycobacterium marinum (Mm) in zebrafish embryos and larvae present a well-
described in vivo TB model that recapitulates hallmark structural features of human TB 2.
Moreover, the activation of gene transcription in response to Mm infection in the zebrafish
model is similar to the transcriptional response elicited by Mtb infection in humans. It was
shown that Mm-infected larvae express many genes homologous to human immune responsive

factors to Mtb infection ¥ 1°

. Using the zebrafish TB model, our group has previously
demonstrated that the transcriptional response of the host during the early stages of TB
granuloma formation follows three main stages **. The early stage corresponds to the first few
hours after phagocytosis of Mm by macrophages and is characterized by activation of
transcription factors and genes of the complement system, followed by a minor induction of
pro-inflammatory cytokines. The mid phase, ranging from 6 hours to 1-day post infection (dpi),
is characterized by a minimal transcriptional response, which could be due to suppression of the
host immune response by mycobacterial virulence factors. The late phase begins when
granulomas start to develop around 2 dpi and are characterized by progressively increasing

induction of transcription factors, complement genes, pro-inflammatory cytokines, matrix

metalloproteases, and other defense and inflammation-related transcriptional signatures.
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Selective autophagy plays a vital role in restricting mycobacterial infection and our group has
previously demonstrated that DNA Damage Regulated Autophagy Modulator 1 (Draml)
functions in host defense against TB *2. Human DRAM1 was first identified as a p53-induced
regulator of autophagy and cell death B but in response to mycobacterial infection, its
transcription is regulated by NFkB 2. DRAM1 has been demonstrated to be involved in diverse
cellular processes, including autophagy, apoptosis, immunity, and cellular differentiation 1 we

A150/B19M) 5nd demonstrated that the

have generated Dram1-deficient mutant zebrafish (dram1
absence of functional Dram1 increases susceptibility to Mm infection via a decrease in the
maturation of Mm-containing vesicles and a subsequent increase in cell death of infected

macrophages (Chapter 2 of this thesis).

To gain a deeper understanding of the transcriptional changes underlying these findings, we
have now used RNA deep sequencing to analyse the transcriptomes of infected and uninfected
dram1®¥°"2" |arvae and their wild type siblings. With this approach, we set out to uncover
which cellular functions of Dram1 are involved in defense against mycobacterial infection based
on differences in the transcriptional regulation of diverse host processes. We found evidence
that Dram1 deficiency has major effects on the expression profiles of proteinase and metabolic
pathways. Furthermore, we were able to detect differences in gene expression of immune
A19n/A19n

response and cell death pathways that help explain the increased susceptibility of dram1

larvae to mycobacterial infection.
Results

Principle component analysis of RNAseq data indicates transcriptional effects of

dram1 mutation in the absence and presence of TB infection

Previous studies in our group have shown that Draml deficiency leads to increased
mycobacterial infection burdens *? (Chapter 2 of this thesis). Thus, to further explore the

A19n/A19n mutants, we performed RNA deep sequencing to identify changes

phenotype of dram1
in the transcriptome that could help explain their increased susceptibility to mycobacterial

infection. We chose to analyze the differences in gene expression between infected and
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** and dram1®°"2¥" |arvae at 4 days post infection (dpi), corresponding to 5

uninfected dram1
days post fertilization (dpf). Early stage granuloma-like structures have been formed at this time
point after infection, and a previous time course infection study has shown this correlates with
transcriptional activation of diverse defense-related processes 1 Therefore, we designed

+/+

infection experiments in which we infected dram1™" with 300 CFU (colony forming units) of Mm

via injection into the caudal vein at 28 hours post fertilization (hpf), while we infected

A19n/A19n

dram1 with two different dosages: 150 or 300 CFU (Figl A). To control for any

transcriptional response to the injection itself, the uninfected dram1™* and dram18°"/A1on
groups were injected with PBS. Since dram1 mutation is known to increase the susceptibility of
zebrafish larvae to Mm infection (Chapter 2 of this thesis), mutant larvae infected with the dose
of 300 CFU were expected to display a higher infection burden compared to their wild type

siblings infected with the same dose, whereas infection with 150 CFU in dram1®°"21" was

expected to develop the same level of infection compared to infection with 300 CFU in dram1*’*.
With this setup, we would be able to identify transcriptional differences that are specifically
caused by the absence of functional Dramil, rather than by the higher infection burden.
Analyzing the level of infection at 4 dpi confirmed our expectation that 150 CFU infected
dram1®¥°VA" |arvae display the same level of infection as dram1** infected with 300 CFU,
while dram1®°"/21%" |arvae infected with 300 CFU displayed highly increased infection burdens
(Figl B). Thus, we isolated total RNA from samples of pooled larvae from three independent
biological replicates to perform RNA deep sequencing analysis. We used lllumina sequencing
technology and mapped the obtained reads to zebrafish genome assembly GRCz10.80 (Genome
Reference Consortium Zebrafish Build 10.80). Quality control analysis showed that the samples
from one independent group (drclmlAlg"/Algn family 2) did not align with the two other replicates,
according to the principal component analysis (PCA). Therefore, we discarded all samples
belonging to this group and performed the further analysis with samples from two independent
experiments for the dram1 mutant fish (Figl C). For the remaining samples, the PCA showed
clustering of the different samples belonging to the same experimental group, and clear
differences in the regulation of gene expression between the infected and non-infected groups,

as well as between the dram1 mutants and wild type controls.
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Figure 1: The experimental design for investigating the effect of Dram1 deficiency on gene expression

A. Experimental design to obtain samples for RNA deep sequencing. Mycobacterium marinum strain M (Mm)
fluorescently labeled with mCherry was microinjected into the blood island of embryos at 28 hpf at an injection
dosage of 300 CFU of 150 CFU. Control groups were injected with PBS. B. Bacterial burdens at 4 dpi. The data is
accumulated from three independent experiments. Each dot represents an individual larva. ns, non-significant,
*p<0.05,**p<0.01,***p<0.001. C. Principal component analysis of the gene expression data obtained by RNA
sequencing. The RNA sequencing samples clustered well, as pictured by the dashed ellipses grouping the conditions.

A19n/A19n (

The data sets of one family of dram1 Mm infected and uninfected) were outliers (data points outside the

dashed ellipses) and were discarded from the analysis

Mycobacterial infection increases the transcriptional differences between wild type

and Dram1-deficient zebrafish

We performed DESeq2 analysis to detect differential gene expression between the different
conditions. When comparing the transcriptome of uninfected dram1*¥2" |arvae to that of

+/+

uninfected dram1™" larvae, we found that 236 genes were differentially regulated between the

two conditions. In total, 77 genes were expressed at a significantly higher level in dramlAlgn/Mg”,
while 159 genes were downregulated (Fig2 A). This indicates that, while the absence of Dram1
influences the network of gene regulation, it only does so to a relatively small extent under
uninfected conditions. When challenged by a mycobacterial infection, wild type larvae
differentially expressed a total of 1971 genes compared to uninfected wild type larvae, which is
comparable with previous findings for this stage of pathogenesis in the zebrafish TB model 1 of
this set of genes with altered expression during infection, 1109 genes were upregulated, and

862 genes were downregulated. In dram12¥"2" |arvae infected with the same dose (300 CFU),

we observed a total of 1269 differentially regulated genes compared to uninfected

A19n/A19n A19n/A19n

dram1 , 861 of which were upregulated and 408 downregulated. For draml

larvae infected with 150 CFU, 1143 genes were differentially regulated compared to uninfected

A19n/A19n

dram1 , 876 of which were upregulated and 267 downregulated.

Both wild type larvae and dram1 mutants displayed a marked increase in gene regulation when
comparing the transcriptome of infected larvae with that of their uninfected siblings. To analyze

whether the same set of genes is differentially regulated in response to infection in the absence
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of functional Dram1, we plotted four comparisons in a Venn-diagram: (1) uninfected dram1
mutants vs uninfected wild types, (2 & 3) low and high dose infected dram1 mutants vs
uninfected dram1 mutants, and (4) infected wild types vs uninfected wild types (Fig2 B).

Strikingly, we found that roughly 60% of the infection-responsive genes in wild types (1170 out

of a total of 1971) were not differentially regulated in response to infection in dram12°"/21°",

Furthermore, while a low dose infection of dram1"'*"*1°"

(150 CFU) results in a similar bacterial
burden as a high dose-infection in wild type larvae (300 CFU), the transcriptome response of
highly infected dram1°A1" 1arvae (300 CFU) showed more overlap with the wild type
response to infection. This initial analysis of global changes in gene expression suggests that
dram12¥"21" |arvae display limited alterations in gene expression compared to dram1** under

basal conditions, but these differences are markedly increased when facing a mycobacterial

infection.

Figure 2: Dram1 deficiency affects the host transcriptome response to Mm infection

A. The general profile of differential gene expression between the different conditions. Genes upregulated are
coloured in yellow, and downregulated in blue. The fold change level of the genes in each group is indicated by
colour intensity.

B. Venn diagram of the differentially expressed genes common and different between the dram1***"**" and

dram1**,dram1°*°"**"150 CFU and dram1*°"**" pBS, dram1*®"***" 300 CFU and dram1***"*" dram1** 300

CFU and dram1** PBS comparisons.
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dram1 mutants display transcriptional changes in metabolic and proteolytic

pathways under non-infected conditions

When comparing the transcriptome of uninfected dram1 mutants to that of uninfected wild
types, we only found a total of 236 significantly differentially expressed genes (Fig2 A). This
small difference in gene expression under basal conditions fits with the described function of

DRAM1/Dram1l in response to cellular stress factors 13,15

. Nonetheless, analysing the top 25
annotated genes that were differentially expressed under basal conditions provided interesting
links to processes that were affected by dram1 deficiency, including isg15 and alox5b which are
involved in ubiquitination and the arachidonic acid pathway, respectively (TableS1). For an
unbiased assessment of potentially altered biological processes in dram1°°"2¥" |arvae under
basal conditions, we analysed gene ontology (GO) enrichment on the subsets of differentially
up- or down-regulated genes. Only two GO terms were enriched in the absence of functional
Dram1, both of which are related to proteinase activity (TableS1). Conversely, several GO terms

A19n/A19n

were underrepresented in the differentially expressed genes in dram1 compared to

+/+

dram1™”", most of which are related to metabolic processes (TableS1).

In a more detailed analysis, we found no significant differences between dram1 mutants and
wild type larvae when analyzing whether specific KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways for biological processes were enriched amongst the differentially
expressed genes (data not shown). We therefore turned to Gene Set Enrichment Analysis (GSEA)
to compare our dataset against curated gene sets related to specific pathways or disease states

in the Molecular Signature Database (MSigDB). We identified several published gene sets that

A19n/A19n +/+

were enriched in uninfected dram1 or dram1™" larvae. The gene sets that were enriched
in dram18¥°"21%" |arvae displayed clear links to known functions of DRAM1, or processes that it
has been implicated in, such as UV damage; cancer; apoptosis; and the mTOR and MAPK
pathways which are involved in autophagy regulation (Fig3 A). This is also the case for the
inhibited (or underrepresented) gene sets in dram119n/81on larvae, which include clear links to
the phagosome pathway; ubiquitination; apoptosis; immunity; autophagy (rapamycin-

responsive genes); and p53 signaling (Fig3 B). To identify a potential common set of genes in the
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previous pathways, we performed a leading edge analysis of the GSEA results. With this analysis,

we could identify four main clusters of genes whose expression was inhibited in the

+/+

dram1®°"2¥" |arvae in comparison to the dram1™* larvae that were shared by many of the

negatively correlated pathways: proteasome, ribosome, mitochondrial, and polymerase genes.

A19n/A19n

Taken together, our GSEA analysis shows that draml larvae display altered

transcriptional profiles in pathways related to metabolic and catabolic processes, which could
be a compensatory response to defects in autophagosomal and lysosomal processes due to the

absence of Dram1.

Figure 3: Transcriptomic gene expression changes in dram1 mutants under non-infected conditions (Figure on
next page). All the genes in the RNA sequencing were ranked according to their statistical significance and fold
change level, from left (most significant upregulated, in yellow) to the right (most significant, downregulated in
blue), and the gene sets of the curated C2 MSigDB were tested for enrichment in the ranked gene list with GSEA.
The number of genes belonging to each gene set found in our RNA sequencing (size column), the enrichment score
values (NES), and the significance of the enrichment before (pval) and after Benjamini-Hochberg multitest
correction (FDR) are shown. The gene ranks depict the position of each gene from the gene set in the ranked list
(one gene = one column).

A19n/A19n

A. Gene sets enriched (high expression) in the dram1 mutants in comparison to the dram1*"*

A19n/A19n

B. Gene sets enriched (high expression) in the dram1* fish in comparison to the dram1 mutants.
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B Gene sets enriched in the dram1+* vs the dram 14"*M21°N transcriptome

Gene Set  Size Gene ranks NES pval FDR
REACTOME SRP Dependent Cotranslational Protein Targeting To Membrane 96 ] Ty -5,688 0 0
REACTOME ER Phagosome Pathway 47 ' v 4898 0 0
REACTOME Autodegradation Of The E3 Ubiquitin Ligase COP1 42 ' oy 4889 0 0
KEGG Proteasome 37 ‘B -4,817 0 0
REACTOME Regulation Of Apoptosis 49 ' ) -4,752 0 0
REACTOME Antigen Processing Cross Presentation 58 T -4,670 0 0
REACTOME Influenza Life Cycle 117 T TR -4,474 0 0
REACTOME Activation Of NF Kappab InB Cells 56 ' 1| -4,143 0 0
MOOTHA Mitochondria 366 O 0 L 4108 0 0
REACTOME Cell Cycle Checkpoints 99 iy -3.562 0 0
BILANGES Serum And Rapamycin Sensitive Genes 61 M " 1| -3,551 0 0
REACTOME HIV Infection 163 ! Sy -3,008 0 0
RHEIN All Glucocorticoid Therapy DN 299 W om0 ) |||‘ -2,855 0 2E-04
LEE Liver Cancer Survival DN 139 v gy -2,733 0 6E-04
KEGG P53 Signaling Pathway 55 i | -2728 0 6E-04

positively correlated | negatively correlated
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Dram1 deficiency has a major impact on the metabolic pathways induced by Mm

challenge

Next, we analyzed the KEGG pathways to compare the immune response to Mm infection

without functional dram1 (Figd). As a general remark, we found that dram12¥"2" |arvae

+/+

infected with the high infection displayed more similarity to the dram1™" response than the low

infection dose, with 15 pathways commonly altered by the infection in the high dose compared

+/+

to only 8 in the low dose. The pathways commonly affected in both the draml1™" and
dram1®¥°"21" |arvae were those involved in defense against mycobacterial infections, such as
the Nod-like receptor signaling pathway, phagosome-related processes, cytokine signaling, and
apoptosis. As in previously published results !, we found that the Mm infection strongly
affected metabolic pathways, especially the ones related to energy and carbon metabolism

(Glycolysis, TCA cycle, etc.). Strikingly, the alteration of these metabolic pathways was absent in

A19n/A19n A19n/A19n

the dram1 infected larvae. However, we found that the infection of dram1 with
300 CFU influenced other metabolic processes, including the cholesterol, alanine, aspartate, and
glutamate pathways. Thus, the data shows that mutation of Dram1 hinders the activation of
several metabolic pathways known to be involved in defense against Mm, while modulating

other pathways involved in cholesterol and amino acid biosynthesis.
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Figure 4: Venn diagram of the enriched KEGG pathways in larvae infected with Mm.

A19n/A19n A19n/A19n

A. The KEGG pathways enrichment comparisons were performed on dram1 150 CFU versus dram1

A19n/A19n A19n/A19n +/+

PBS, dram1 300 CFU versus dram1 ,and dram1”" 300 CFU versus dram1** PBS.

Dram1 deficiency alters the expression of genes involved in programmed cell death

mechanisms

DRAML1 has been reported to be involved in the regulation of cellular death and we found that
Dram1 deficiency affected both the apoptosis and necroptosis KEGG pathways in our study. We
therefore decided to investigate the modulation of these pathways in more detail by comparing
the expression of the genes involved in these pathways between the different groups (Fig5 A).
Regarding the apoptosis pathway, we found a pronounced activation of caspase 8 (casp8/2) and
caspase 9 expression in dram12¥/21" |arvae infected with 300 CFU, while the 150 CFU infected
larvae slightly increased the expression of these two caspase genes but did not reach

significance levels. In comparison, in infected wild type larvae the expression of these two genes
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were not significantly changed. We also found a profound inhibition of granzyme 3 expression in
infected dram1 mutant fish, while this gene was highly expressed in infected dram1** larvae.
Despite this, in general terms, the apoptosis effectors were not very differentially regulated

between the dram1 mutants and the wild types.

Concerning the necroptosis pathway (representing lytic forms of cell death), we found
enhanced expression of 27 genes activated following DNA damage in dram1®°"2®" |arvae
infected with 300 CFU. For example, we found a high expression level of h2afva and baxa.
Histone H2A (encoded by h2afva) is involved in repair of a variety of DNA damage *°. The
increased expression of h2afva in infected dram1®¥"2" |arvae might indicate an increase in
DNA damage, such as chromatinolysis triggered by programmed cell death *’. The activation of
programmed cell death mediates sequential activation of baxa expression, which translocates
from mitochondria to the nucleus to enhance chromatinolysis. We found that gene expression
of the necroptosis regulators ripkl and ripk3 was activated both in infected dram1*”* and
dram1®¥°V21" |arvae. However, the expression of hsp90, which regulates protein stability of
Ripk1 and Ripk3, was suppressed in infected dram121°"2" |arvae compared with infected wild
types. We also observed that caspase 1 expression was significantly increased in dram11n/81on
larvae infected with 300 CFU. In summary, while the gene expression level of apoptosis

A19n/A19n

effectors does not appear altered between infected dram1 and wild type larvae, we did

observe differences in gene expression that point towards an increase in lytic cell death in the

absence of functional Dram1.

A19n/819n 4 nd dram1*'*. (Figure

Figure 5: KEGG pathway analysis of differential gene expression in infected dram1
on next page) The three data sets used for comparison are shown in the legend of the figure. The expression fold
change of the genes is depicted by colour (yellow, upregulated, blue downregulated).

A. Cellular death signaling.

B. TLR signaling.
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Dram1 deficiency alters the expression of genes involved in immune signaling

We found that sensor pathways, like TLR and RIG-I-like signaling, were not activated in
dram1®¥"2" infected with the low dose of Mm, despite that these larvae developed similar
bacterial burden as the wild type larvae infected with higher dose (Fig4). Since TLR signaling was

previously found to be critical for defense of the zebrafish host against Mm °

, we set out to
compare the gene expression of TLR components (Fig5 B). Explicitly, TLR2, TLR4 and TLR9 have
been reported as crucial for the host to recognize the diverse molecular patterns of

mycobacteria and activate an immune response against this pathogen 18,19

. Strikingly, we found
that t/r2 expression was highly suppressed in dram1®1°"2¥" |arvae during infection, but highly
activated in dram1**in response to infection. We found an opposite expression pattern in the
expression of tirl, which was activated in dram1 mutants but not affected in the dram1™*
infected larvae. The high dose infection of dram1*¥°"2°" |arvae induced a high expression of t/r3

and tIr9. Furthermore, the expression of MyD88-dependent immune signaling genes, including

+/+ A19n/A19n larvae

irak1, irak4, trafé6, and ikbkb were only upregulated in the dram1™" and dram1
infected with a high dose of Mm. These results indicate that the presence or absence of
functional Dram1, in combination with the level of infection, affects which TLR signaling routes

are employed to detect the pathogen.
Dram1 deficiency leads to suppressed expression of LTB4

The control of the inflammatory balance is a crucial factor that affects the outcome of

. . . 2
mycobacterial infection %

. The arachidonic acid metabolism pathway produces principal
mediators of inflammation —both pro- and anti-inflammatory— and directly impacts the
progression and outcome of the infection. Since we found that the alox5b.1 and alox5b.2 genes
were downregulated in dram1-deficient larvae (both in absence and presence of infection) and
that the arachidonic acid pathway was affected during mycobacterial infection, we sought to
explore this in more detail (Figb and FigS1). As a read-out for the function of this pathway, we
performed ELISAs (enzyme-linked immunosorbent assays) to detect the level of lipoxin A4

(LXA4), which acts as an anti-inflammatory molecule, and leukotriene B4 (LTB4), whose function

is pro-inflammatory. The synthesis of both these lipids depends on the arachidonic acid pathway.
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We collected samples at 5 dpf from infected and non-infected larvae to measure the
concentration of LTB4 and LXA4. The results showed that the level of LTB4 was around 2.5 times
higher in uninfected dram1*™* than in uninfected dram1®®"***" |arvae (Figb B). During
mycobacterial infection, the levels of LTB4 in dram1™* were decreased to similar levels as in
dram12¥°"21" |arvae. For LXA4 we did not detect any differences between infected and non-
infected larvae, or between the two genotypes (Figb B). These data demonstrate that Dram1
deficiency leads to impaired production of the pro-inflammatory molecule LTB4, but differences

in the production of the anti-inflammatory LXA4 were not detected.
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Figure 6: Dram1 deficiency leads to reduced LTB4 production
A. Differential expression of the genes from the Arachidonic Acid Metabolism pathway involved in the production
of LTB4 and LXA4. The five data sets used for comparison are shown in the legend of the figure. The expression fold

change is depicted by colour (yellow, upregulated, blue downregulated).
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A19n/A19n +/+

B-C. Detection of LTB4 (B) and LXA4 (C) levels by ELISA in infected and uninfected dram1 and dram1™".

larvae. Data shown are the averages from three replicates. ns, non-significant, *p<0.05,**p<0.01,***p<0.001.
Discussion

The lysosomal protein DRAM1 modulates autophagy and cell death in response to cellular stress

121 specifically, it was shown that

factors, such as cancer, infection or nutrient depletion
DRAM1/Dram1 is activated downstream of a TLR-MyD88-NFkB signaling pathway to modulate
autophagic defense against mycobacterial infection in primary human macrophages and
zebrafish larvae *2. In this study, we have demonstrated that loss-of-function mutation of dram1
alters the expression of TLR signaling, cell death and metabolic pathway components during
Mm infection in zebrafish. These results suggest that Dram1 contributes to host defense against

mycobacterial pathogens by transcriptional modulation of the immune response in addition to

its known function in anti-bacterial autophagy.

Before analyzing the effect of Dram1 deficiency on the transcriptome response to infection, we

A19n/A19
/8190 and

asked whether a difference in gene expression could be observed between draml1
wild type larvae. Despite that the known functions of Dram1 are related to stress conditions, we
found that, even without infection challenge, a total of 236 genes displayed altered expression
between dram1 mutant and wild type larvae. Amongst these altered genes, we identified many
genes related to metabolic processes and the proteasome. This transcriptional response could
be a compensatory mechanism for defects in lysosomal function due to the deficiency in Dram1.
This hypothesis is in line with recent studies that have revealed that lysosomes function as
central regulatory units in signal transduction 2!. The differences between dram1 mutants and
wild types in the expression of metabolic pathway genes was markedly enhanced in response to
Mm infection. Many recent studies have shown that the metabolic status of macrophages, the
primary cell type parasitized by mycobacteria, is critical for their innate host defense function 2,

Therefore, it is conceivable that metabolic dysregulation in dram1 mutants is a major cause of

the hypersusceptibility phenotype.
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TLRs can recognize invading mycobacterial pathogens and play an essential role in resistance to
the infection. Recognition of mycobacteria via TLR/MyD88 signaling activates NFkB to initiate
the expression of draml, which in turn modulates autophagic responses to control
mycobacterial infection 2. We have demonstrated that Dram1 deficiency fails to restrict Mm
inside lysosomal vesicles, culminating in increased death of infected macrophages (Chapter 2 of
this thesis). Thus, without Draml mycobacterial infection more commonly results in
extracellular growth of the bacteria. Both the localization of mycobacteria and the mode of cell
death can contribute to the recognition of bacteria by pattern recognition receptors (PRRs) and
activation of immune and inflammatory responses. PRRs can recognize mycobacteria and other
pathogens in different locations, including TLR2 which is located on the surface of the plasma
membrane, while TLR3, TLR7, and TLR9 are predominantly located on the lumen of endosomes
2324 |In our case, the expression of tIr2 was significantly reduced in infected dram1 mutant
larvae compared to infected wild types. Moreover, the expression of t/r3 and t/r9 was increased
dramatically in Dram1-deficient larvae during mycobacterial infection. This could reflect the
altered localization of bacteria, which potentially results in adjustments in the expression of
plasma membrane and endosomal TLRs. For instance, the down regulation of t/Ir2 in dram1
mutants might be related to the overgrowth of extracellular mycobacteria, which are not
effectively eliminated by the host. Therefore, we can speculate that Tlr2 molecules on the
plasma membrane are continuously signaling, causing the cell to down regulate tIr2 as a

negative feedback loop.

Inflammatory responses play a vital role in eliminating mycobacterial infections. The
inflammatory response to mycobacterial infection is balanced by the production of the pro-
inflammatory lipid leukotriene B4 (LTB4) and the anti-inflammatory lipid lipoxin A4 (LXA4) %.
The enzyme LTA4H catalyses the final step in the synthesis of LTB4. LTA4H polymorphisms that
resulted in reduced production of LTB4 and increased production of LXA4 have been linked to
host susceptibility to mycobacterial infections °. In addition, it has been shown that
overexpression of LTA4H, which increases LTB4 levels, causes hyperinflammation and

27, 28

exacerbated infection . In our transcriptome analyses, the arachidonic acid pathway was

affected due to the disrupted function of Dram1. We found that the alox5b1 and alox5b2 genes
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were downregulated in dram1 mutants. Alox5 is a lipoxygenase that catalyses membrane lipid
peroxidation and has been suggested to be involved in the regulation of cell death 29,30 Wwe
found that the production of LTB4 was impaired due to Dram1 deficiency, while the production
of LXA4 was not changed in the absence of Draml. We also observed that Mm infection
reduced LTB4 in wild type larvae to the same level as that of uninfected and infected dram1
mutants. Based on these results, we believe that the increased susceptibility of dram1 mutants
to mycobacterial infection is not related to the arachidonic acid pathway, since both wild type

larvae and dram1 mutants infected with Mm display similar levels of LTB4 and LXA4.

Cell death of infected macrophages is a crucial factor in dissemination of invading mycobacterial
pathogens. In this study, we found that Dram1 deficiency affects the signaling pathways
orchestrating cell death. Specifically, the apoptosis and necroptosis KEGG pathways were
differentially regulated between infected drami1** and dram1®°"21" Jarvae. We have

previously demonstrated that apoptosis could be induced by mycobacterial infection both in

++ A19n/A19n ++

dram1™" and draml1 , with no difference in apoptosis activity between dram1™" and

A19n/A19n

dram1 (Chapter 2 of this thesis). In agreement with these results, we found only minor

differences in caspase 8 and 9 expression, and did not detect striking differences in regulation of

+/+ A19n/A19n

apoptosis effector genes in response to infection between infected dram1™" and dram1
larvae. The differentially regulated necroptosis KEGG pathway contains various regulators and
effectors of different forms of lytic cell death, including those involved in pyroptosis. Looking
specifically at necroptosis, the activation of this pathway requires the involvement of RIPK1,

RIPK3 and MLKL *'. While zebrafish do not express a mikl gene, ripk1 and ripk3 were activated

* and dram1®*®"2*°" Jarvae.

by mycobacterial infection both in draml1 In contrast, the
expression of hsp90 was suppressed in infected dram1®1°"21" |arvae compared with infected
wild types. HSP90 has been reported to regulate necroptosis via maintaining the stability of
RIPK1, RIPK3 and MLKL 3% 32, Therefore, although ripkl and ripk3 are equally expressed in
infected dram1** and dram1®1°"/A1n larvae, there might be differences at the protein level due
to altered stability caused by differences in hsp90 expression. Furthermore, we also observed
that caspase 1 expression was significantly increased in dram12¥°/2" |arvae infected with 300

CFU. This suggests that Dram1 deficiency leads to pyroptotic cell death via activation of caspase
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1. Other evidence supporting this hypothesis is that higher levels of Caspase 1 protease activity
can be detected in infected dram1®°"2¥" |arvae and that the hypersusceptibility phenotype of
these mutants can be rescued by knockdown of caspase 1 gene activity (Chapter 2 of this thesis).
Taken together, we propose that infected macrophages in dram1**"2°" |arvae more frequently
activate lytic cell death pathways compared to their wild type counterparts. While increased
pyroptotic cell death of infected macrophages in dram1®¥°"2" |arvae has been experimentally
demonstrated (Chapter 2 of this thesis), a potential increase in the occurrence of necroptosis in

the absence of Dram1 remains to be investigated.

In conclusion, we have demonstrated that the presence of functional Dram1 is important for the
transcriptional regulation of metabolic processes under basal and pathogenic stress conditions
at the whole organism level. While these observations require further investigations, we
implicate altered cell death programs and differential requirements for pattern recognition
receptors as important factors in the hypersusceptibility of draml1 mutants to mycobacterial
infection, adding to the previously reported effects of Dram1 deficiency on anti-bacterial

autophagy.
Materials and methods
Zebrafish culture and lines

Zebrafish lines in this study (TableS2) were maintained and used in compliance with local animal
welfare regulations as overseen by the Leiden University (registration number: 10612). Embryos
were kept in egg water, in a 28.5°C-30°C incubator, and treated with 0.02% Ethyl 3-
aminobenzoate methanesulfonate (Tricaine, SIGMA-ALDRICH) in egg water for anesthesia

before bacterial injections, imaging and fixation.
Infection conditions and bacterial burden quantification

Approximately 300 CFU of Mycobacterium marinum strain fluorescently labelled with mCherry
33 were microinjected into the blood island of embryos at 28 hpf as previously described 3,

Embryos were manually dechorionated by tweezers and treated with tricaine to keep
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anesthesia before the injection. Infected embryos were imaged using a Leica MZ16FA stereo
fluorescence microscope equipped with a DFC420C colour camera, and the bacterial pixels per
infected fish data were obtained from the individual embryo stereo fluorescence images using

previously described software *°.
RNA preparation and RNA sequencing

Total RNA was extracted from 5 dpf infected and non infected larvae (20 larvae/sample) from
three independent crosses using Trizol reagent (15596026, Invitrogen) according to the
manufacturer’s instructions and extracted with RNeasy Min Elute Clean up kit (Lot:154015861,
QIAGEN). RNAs were quantified using a 2100 Bioanalyzer (Agilent, US). At least 10 million reads
per sample were sequenced using lllumina Single read 50 nt runs in a Hiseq2500. Sequencing,
mapping the reads against the D. rerio GRCz10.80 reference genome and read counting were

performed by ZF-screens (Leiden, Netherlands).
Analysis of RNA sequencing results

Analysis of the count libraries was performed in RStudio 1.1.383 *® running R 3.4.3 * using in-
house scripts (available at github.com/gabrifc). An initial quality check of the samples was
performed using the tools provided in the edgeR package v3.20.7 *. Based on a PCA analysis
and gene expression heatmap, a biological replicate from the dram1”" samples, including non-
infected and infected fish was discarded from subsequent analysis. Differential gene expression
was assessed via pairwise comparisons using DESeq2 v1.18.1 3 Genes with a FDR-adjusted p-
value < 0.05 were considered statistically significant. Venn Diagrams were created using the R

package VennDiagram v1.6.18 0

Gene lists were ranked using the published function “-log(adjpval)*log2FC” and compared to
the C2 “Curated Gene Sets” collection from the Molecular Signatures Database (MSigDB) using
GSEA v3.0 **, and visualized with fgsea v1.4.1 **. Gene ontology enrichment was analysed with
goseq v1.3.0 s, Updated gene length and Gene Ontology data from the Zv9 assembly was

retrieved from Ensembl with the packages ensembldb v2.2.1 * and biomaRt v2.34.2 *,
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respectively. When necessary, mapping between different database gene identifiers was also
performed using biomaRt. KEGG Pathway analysis was performed with the kegga function
provided in limma v3.34.5 *°. Gene regulation data of significant pathways was visualized with

pathview v1.18.0 ¥,
Detection of LTB4 and LXA4 by ELISA

LTB4 and LXA4 in whole larvae were detected using a previously described method 8, 5dpf
infected and uninfected larvae (20 larvae/group) were collected and washed with PBS. All liquid
was removed and samples were snap frozen (10s) in liquid nitrogen. For the ELISA, 375 pL PBS
and 0.2 SSB02 stainless steel beads (Next Advance) were added to each sample. Larvae were
homogenized using a Bullet Blender (Next Advance) for 3 minutes on speed 8. The samples were
then centrifuged at 3500 rpm for 5 minutes. The supernatant was collected and centrifuged
again at 5000 rpm for 5 minutes after which the supernatant was collected again. An LTB4 ELISA
kit (ADI-900-068, Enzo Life Sciences) and an LXA4 ELISA kit (CEB452Ge, Cloud-Clone Corp) were
used according to the manufacturer’s instructions. All samples were measured in duplicate (50
or 100 uL used per measurement), and the data from the duplicates were averaged. Data shown

are the averages (SEM) from 3 replicates.
Statistical analyses

Statistical analyses were performed using GraphPad Prism software (Version 5.01; GraphPad).
All experimental data (mean + SEM) was analyzed using unpaired, two-tailed t-tests for
comparisons between two groups and one-way ANOVA with Tukey’s multiple comparison
methods as a posthoc test between more than two groups. (ns, no significant difference; *p <

0.05; **p < 0.01; ***p < 0.001).
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Supplementary data

Regulation GO ID FDR DGE Category Term
G0:0070011 1,97E-07 16 585 peptidase activity, acting on L-amino acid peptides
Overrepresented
G0:0008233 3,19E-07 16 608 peptidase activity
G0:0005623 1,34E-08 29 10118 Cell
G0:0044464 1,34E-08 29 10118 cell part
G0:0009987 2,07E-08 34 10941 cellular process
G0:0043226 5,64E-08 12 6372 Organelle
G0:0043229 1,06E-07 12 6265 intracellular organelle
G0:0044424 4,32E-07 21 7983 intracellular part
G0:0044260 5,24E-07 8 4969 cellular macromolecule metabolic process
G0:0006139 1,04E-06 2 3076 nucleobase-containing compound metabolic process
G0:0005622 1,45E-06 24 8360 intracellular
G0:0043227 2,87E-06 11 5449 membrane-bounded organelle
GO0:0065007 3,34E-06 17 6719 biological regulation
G0:0043231 3,35E-06 10 5179 intracellular membrane-bounded organelle
G0:0046483 4,93E-06 3 3153 heterocycle metabolic process
G0:0016070 6,57E-06 1 2397 RNA metabolic process
G0O:0090304 9,45E-06 2 2700 nucleic acid metabolic process
G0:0034641 1,41E-05 5 3597 cellular nitrogen compound metabolic process
Underrepresented | GO:0009059 1,76E-05 2 2624 macromolecule biosynthetic process
G0:0034645 1,92E-05 2 2609 cellular macromolecule biosynthetic process
G0:0019222 2,07E-05 2 2575 regulation of metabolic process
G0:1901576 2,30E-05 4 3218 organic substance biosynthetic process
G0:0006725 2,50E-05 4 3172 cellular aromatic compound metabolic process
G0:0044271 2,84E-05 2 2545 cellular nitrogen compound biosynthetic process
G0:0050789 3,07E-05 17 6269 regulation of biological process
G0:0044249 3,13E-05 4 3160 cellular biosynthetic process
G0:0010467 3,86E-05 3 2814 gene expression
G0:0018130 4,40E-05 1 2080 heterocycle biosynthetic process
G0:0019438 4,58E-05 1 2073 aromatic compound biosynthetic process
G0:0060255 4,61E-05 2 2435 regulation of macromolecule metabolic process
G0:0031323 5,13E-05 2 2421 regulation of cellular metabolic process
G0:0034654 6,18E-05 1 2022 nucleobase-containing compound biosynthetic process
G0:0080090 6,23E-05 2 2387 regulation of primary metabolic process
G0:0044237 6,73E-05 18 6347 cellular metabolic process
G0:0051171 7,71E-05 2 2348 regulation of nitrogen compound metabolic process
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Supplementary tablel: Results of gene ontology analysis in dram1 and dram1™" without Mm infection.

An/819n ersus dram1** are indicated. The DGE

A19n/A19n

GO categories overrepresented or underrepresented in draml

Column indicates the number of differentially expressed genes between dramil and dram1”* with the
indicated GO category (described by GO ID and Term), while the Category column indicates the total number of

genes in the GO category that were detected in our RNA sequencing. FDR indicates the false discovery rate.

Supplementary table2: Zebrafish lines used in this study

Fish line Description Reference
+/+ ibli f 1 i ic GFP-L .
dram1 / /GEP-Lc3 Siblings of dram1 carrying a transgenic G c3 In this study
reporter
1 li A19nii I i i
dramlmn/Mg”/GFP—Lc3 dram1 mutant line (A19n indel) carrying a transgenic In this study
GFP-Lc3 reporter

>

2000, ns

¥k *dek

15004 °

10004

5004

% Bacterial burden

drami + A19n A19n
Mm 300 CFU + + -
Mm 150 CFU - - +

Supplementary figure 1: Mutation of dram1 leads to increased susceptibility to Mm infection

A19n/A19n

A. Bacterial burdens at 4 dpi in dram1** and dram1 larvae. Each dot represents an individual larva. ns, non-

significant, *p<0.05,**p<0.01,***p<0.001.
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