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Abstract

Ferroptosis is a form of regulated cell death featured by lipid peroxidation and
breakage of cell membrane. However, the molecular mediators and regulators are not
fully understood. Here, we identified the metazoan homologues of ppGpp hydrolase
(MESH1) is an efficient cytosolic NADPH phosphatase, an unexpected enzymatic
activity that is captured by the crystal structure of the MESHI-NADPH complex.
Ferroptosis elevates MESH1, whose upregulation depletes NADPH and sensitizes cells
to ferroptosis. Conversely, MESHI1 depletion rescues ferroptosis by sustaining the levels
of NADPH and GSH and by reducing lipid peroxidation. Importantly, the ferroptotic
protection by MESH1 depletion is ablated by suppression of the cytosolic NAD(H)
kinase, NADK, but not its mitochondrial counterpart NADK2. MESH1 depletion also
triggers extensive transcriptional changes that are distinct from the canonical integrated
stress response, but show striking similarity to the bacterial stringent response. MESH1
depletion also leads to dNTP depletion and inhibition of cell proliferation in tumor cells.
Finally, we established Meshl knockout mouse model to study the physiological

relevance of MESH1.
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1. Introduction

1.1 Bacterial Stringent Response

Stringent response is the main strategy for bacteria to cope with fluctuating
nutrient supplies and metabolic and oxidative stresses(l, 2). During this process,
alterations in transcriptional and metabolic profiles rapidly redirect energy from cell
proliferation toward stress survival by reduction of biosynthesis, conservation of ATP,
and blockage of GTIP production(3). The stringent response is triggered by the
accumulation of the bacterial “alarmone” (p)ppGpp (guanosine tetra- or penta-
phosphate) through the regulation of ppGpp synthetases and hydrolases in the
RelA/SpoT Homologue (RSH) family(2). Recent studies suggest that the stringent
response may also function in metazoans, as metazoan genomes encode a homologue of
bacterial SpoT -- MESHI1 that hydrolyzes ppGpp in vitro and functionally complements
SpoT in E. coli(4). Furthermore, Meshl deletion in Drosophila displays impaired
starvation resistance and extensive transcriptional reprogramming(4). Despite these
supporting lines of evidence, neither ppGpp nor its synthetase has been discovered in
metazoans, mystifying the genuine function and the relevant substrate(s) of MESHI in

mammalian cells.

1.1.1 ppGpp

ppGpp and pppGpp are synthesized by adding a pyrophosphate group from

ATP to either GDP or GTP, respectively. (p)ppGpp are often referred to “magic spot” or



“alarmone”, which is found to accumulated in bacterial cells while exposed to stresses,
such as nutrient deprivation, oxidative stresses or heat shock(5) . As a signaling
molecule, (p)ppGpp executes its function via direct or indirect mechanisms, depends on
the different organisms. For example, in E.coli, (p)ppGpp directly binds to RNA
polymerase (RNAP) and regulates the transcription(6), and inhibits protein biosynthesis
by directly binding to translation initiation factor 2 (IF2)(7). In B. subtilis, massive
synthesis of (p)ppGpp indirectly depletes the pool of GTP, thus changing the preference
of available pool of initiating nucleotides and further influencing the promoter
preference of RNAP(8). The depletion of GTP in B. subtilis also inhibits a transcriptional
repressor CodY, which requires bindings to GIP and branched amino acids and thus
influences the gene expression of its target gene networks(9).

While bacteria are in exponential growth phase in the absence of stresses,
(p)ppGpp is presented in a low level and functions as the regulator of bacterial growth
rate(10) and metabolism(11). However, when there is a limitation of nutrient, the
accumulation of (p)ppGpp redirects the energy from cellular growth to support general
metabolism(12); the accumulation of (p)ppGpp inhibits bacterial growth rate by
inhibiting generation of ribosomal RNA, but promotes transcription of genes for amino
acid biosynthesis(2), and binds to enzymes that involved in nucleotide metabolism to

regulate nucleotide biosynthesis and uptake(13, 14). (p)ppGpp is also required for the



production and function of the alternative sigma factor S, which redirect the bacterial
cells to stationary phase and lead to survival in stress conditions(15).

(p)ppGpp and the stringent response are also known to play an important role in
the pathogenesis of microbes. For example, the virulence of Enterococcus faecalis in
infective endocarditis is influenced by basal level of (p)ppGpp(16). (p)ppGpp also
impacts the survival of S. aureus after phagocytosis(17) and its virulence(18). In addition,
bacterial stringent response is also reported as a determinant of antibiotics resistance(19)
and persistence(19).

In addition to bacteria, (p)ppGpp can also be found in the chloroplast of the
plants. It is reported to regulate nuclear and chloroplast transcription, chloroplast
translation, plant development, and stress response(20). However, neither (p)ppGpp nor

the synthetase were ever identified in animal kingdom.

1.1.2 RSH protein family

RelA/SpoT Homologue (RSH) proteins are a superfamily of enzymes that
synthesize and/or hydrolize (p)ppGpp(21). The classical long RSH proteins such as RelA
and SpoT in E.coli comprise a (p)ppGpp synthesis domain (SYNTH), a (p)ppGpp
hydrolysis domain (HD), a TGS domain (Threonyl-tRNA synthetase, GTPase, and SpoT
proteins) with unknown function, and an ACT domain (Aspartate kinase, chorismate
mutase and TyrA) that is widely found in a range of metabolic enzymes that are

regulated by amino acid concentration(22). Typically either the SYNTH domain or HD



domain dominates the function of the enzyme. For example, SpoT is predominantly a
(p)ppGpp hydrolase that degrades (p)ppGpp to either GTP or GDP with pyrophosphate.
The long RSH family can be widely found in bacteria, archaea, and chloroplast of the
plants. However, in opisthokont eukaryotes (fungi and animals), only the HD domain,
which is dedicated only for (p)ppGpp hydrolyzing can be found, which is called Mesh1 .
Meshl1 are also found in some proteobacteria, but have not been reported in bacteria or
plants. There are three hypotheses for the origin of Mesh1 in opisthokonts. First, it was
directly inherited by eukaryotes as RSH homologues. Second, Meshl could enter
eukaryote cells with mitochondrion. Third, Meshl could enter eukaryotes genome
through horizontal gene transfer directly from bacteria. As most archaea lost Mesh1, and
there is no mitochondrial localization or regulation peptide sequence found in Meshl,

the hypothesis of horizontal gene transfer is the most favorable hypothesis in present(21).

1.2.3 Transcriptional response in bacterial stringent response

One of the hallmarks of bacterial stringent response is the transcription response.
For example, in E.coli, treatment of serine hydroxymate mimic amino acid starvation and
induced the stringent response, which altered the transcriptional profiles within
minutes(23). The majority of differentially regulated genes were up-regulated, which
included the induction of amino acid biosynthetic operons, genes involved in
transcriptional regulation and alternative sigma factor S target genes. The down-

regulated genes included tRNA-encoding genes and genes in glycolytic/gluconeogenic



pathways(23). Many of the up-regulated genes have the so called “stringent promoters”,
which contained a GC-rich region between the -10 hexamer and the start of transcription
site(24). In another study, the stringent response is induced by DL-norvaline in B.
subtilis(25). The down-regulated genes were correlated to cell growth and reproduction,
such as ribosome synthesis, DNA synthesis, and cell wall synthesis. On the other hand,
the up-regulated genes include enzymes involved in amino acid biosynthesis, small
molecule transporters, and regulators of sporulation/stationary phase(25). Although the
detailed profiles and regulatory mechanism could varied from species to species, the
transcriptional features of the bacterial stringent response are usually featured by the

redistribution of the resources from growth and proliferation to biosynthesis pathways.

1.2 Ferroptosis: an iron-dependent oxidative cell death

Ferroptosis is a form of non-apoptotic, regulated cell death. It can be induced in
specific types of cancer cells by depletion of intracellular glutathione, or inhibition of
phospholipid hydroperoxidase GPX4 (Figure 1). Depletion of glutathione or inhibition
of GPX4 impairs the lipid peroxide repair capacity, lead to oxidation of polyunsaturated
fatty acid (PUFA)-containing phospholipids, and the accumulation of these lipid
peroxides leads to the final cell death(26). Thus, ferroptosis stands at the intersection of
metabolism disturbance and oxidative stress for the cells.

GPX4 uses reduced glutathione (GSH) to convert lipid hydroperoxides to lipid

alcohol, thus eliminate the accumulation of lipid peroxides and prevent ferroptosis(26).



There are multiple ways to deplete intracellular glutathione to induce ferroptosis. One of
the effective ways is to directly inhibit the enzymatic activity of GPX4 by compounds
such as RSL3 and ML162 (Figure 1). By this approach, one can bypass glutathione
metabolism pathways to directly induce lipid peroxidation and ferroptosis. Another
effective way is to inhibit cystine imports by compounds such as erastin or sulfasalazine
targeting the glutamate-cystine antiporter xCT (Figure 1). After import into cells, cystine
is reduced to amino acid cysteine and is the rate limiting material for the biosynthesis of
GSH(27). By these methods of cysteine depletion, the intracellular pool of GSH is
depleted, thus impairing the cellular capacity to mitigate lipid peroxides. This can also
be achieved by depletion of extracellular cystine or addition of excessive extracellular
glutamate to inhibit the xCT transporter system.

GPX4 generates lipid alcohol and oxidized glutathione (GSSG). GSSG is then
recycled by glutathione reductase using NADPH, which is reviewed in section 1.3.

At the transcriptional level during ferroptosis, endoplasmic reticulum (ER) stress
response is induced, including the branch of ATF3 (Activating Transcription Factor 3),
ATF4 (Activating Transcription Factor 4), and DDIT3 (DNA Damage Inducible
Transcript 3; CHOP)(28), which is a commonly seen gene expression signature during
amino acid deprivation(29). Notably, CHACI (ChaC, cation transport regulator
homolog 1), an enzyme catalyzes the cleavage of glutathione into 5-oxo-L-proline and a

Cys-Gly dipeptide, is dramatically upregulated in ferroptotic cells, which CHACI



mRNA level can serve as a transcriptional marker of ferroptosis(28). In addition, CHACI

has been shown to be critical for the GSH depletion during ferroptosis (30).
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Figure 1. A schematic model of Ferroptosis.

Ferroptosis can be triggered by extracellular depletion of cystine, direct inhibition of
cystine import by targeting xCT inhibitor, or inhibit GPX4 that utilize GSH to mitigate
lipid peroxides (lipid ROS) accumulation.



1.3 NADPH

NADPH (Nicotinamide adenine dinucleotide phosphate) is the major reduced
electron carrier in the human cells. As NADPH is required to regenerate GSH from
GSSG, which is the major metabolism pathway to maintain redox homeostasis, it is
found to be a predictive biomarker to define ferroptosis sensitivity of the different cell
types(31).

In mammalian cells, NADPH is compartmentalized in either nuclear/cytosolic or
mitochondrial pools. In mitochondria, there is a direct trans-hydrogenation between
NADH and NADP+, which result in net generation of NADPH(32). In nucleus/cytosol,
NADPH is reduced from NADP+ majorly by G6PD (glucose-6-phosphate
dehydrogenase) in pentose phosphate pathway, as well as by IDP (isocitrate
dehydrogenase), ME (malic enzyme), and ALDH (aldehyde dehydrogenase)(32). The
only known reaction to synthesize NADP+ is phosphorylation of NAD+ by NAD
kinases(33). There are two known NAD kinases in human, NADK and NADK?2, that are
predominantly located in the cytosol or mitochondria(33, 34), respectively. However,
there is no known NADP(H) phosphatase reported in mammalian cells, although such
activities has been reported in rat liver lysates(35).

NAD-+, the material for NADP+, can be generated by two pathways. The de novo
biosynthesis of NAD+ utilized L-tryptophan. In contrast, the salvage pathway utilizes

nicotinic acid or nicotinamide, which are degrading product of NAD+, to resynthesize



NAD+. Compared to the de novo biosynthesis pathway, the salvage pathway is more
important for the overall NAD+ synthesis(32). While NADP(H) and NAD(H) are
considered compartmentalized and not permeable across mitochondria membranes,
there is new evidence that NAD+ might be permeable to mitochondrial membrane in

mammalian cells(36).

1.4 Overview of chapters

In this chapter, Chapter 1, I introduced several topics that are relevant to the
thesis. In Chapter 2, I described the biochemistry characters of human MESHI1 as a
NADPH phosphatase and how it mediates the cell response in ferroptosis. This is a
collaborative work with Dr. Joshua Rose in Dr. Pei Zhou lab (MESHI1 structure and
enzymology) and Dr. Zigiang Guan (mass spectrometry validation of MESH1 substrate),
which I contributed to the major functional and mechanistic studies of MESH1. In
chapter 3, I focused on the phenotypic studies of MESH1 in human cells and in animal
models, which is collaborative work with Dr. Kai-Yuan Chen (RNAseq data analysis),
Dr. Everardo Macias (xenograft), and Duke Transgenic Mouse Facility (MESHI1
knockout mice). In Chapter 4, I summarized the findings of this research and described

the potential future directions.
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2. The Role of MESH1 as NADPH phosphatase in
Ferroptosis Survival

2.1 Introduction: Enzyme kinetics and structure of MESHL1 as a
NADPH phosphatase

In this chapter, we elucidate the novel enzymatic function of human MESHI as a
NADPH phosphatase, and how MESHI1 plays a role as a NADPH phosphatase during
ferroptosis. The biochemistry aspects of MESH1 are described by Dr. Joshua Rose in Dr.
Pei Zhou’s lab and in collaboration Dr. Zigiang Guan, which laid the foundation of this
research and is briefly introduced here.

Because there is no RelA or ppGpp synthetase homologue found in mammalian
genomes, and ppGpp is not detectable in human cells (data not shown), we reasoned
that MESH1 may function through different substrate(s) from ppGpp in human cells.
We first did metabolomic profiling of MESH1-silenced RCC4 cells and H1975 cells
(human lung adenocarcinoma cell lines), and generated a list of accumulating
metabolites in MESHI-silenced cells that shared similar structure with ppGpp.
Collaborating with Joshua Rose in Zhou lab and Guan lab, we tested purified,
recombinant human MESHI1 against these metabolites, including UDP-glucose (uridine
diphosphate glucose), GDP (guanosine diphosphate), CDP (cytidine diphosphate),
creatine phosphate, GDP-fucose, thiamine pyrophosphate and various forms of inositol
phosphates, but failed to detect any activity (data not shown). We then examined
NADPH, which shares many structural similarities with ppGpp but differs in that it

11



contains a 2’-phosphate instead of a 3’-pyrophosphate in ppGpp (Figure 2a). Bacterial
SpoT catalyzes the hydrolysis of the 3’-pyrophosphate group of ppGpp, but the crystal
structure of the bifunctional RelA/SpoT homologue from Streptococcus dysgalactiae subsp.
equisimilis captured an unusual ppGpp derivative, GDP-2’,3’-cyclic monophosphate, in
the active site of the hydrolase domain(37), suggesting that the enzyme may
accommodate a 2’-substituted phosphate group(37). Based on this observation, we
reasoned that MESHI1 could similarly hydrolyze the 2’-phosphate group of NADPH to
yield NADH and an inorganic phosphate (Figure 2a).

Indeed, incubation of NADPH with recombinant human MESHI readily released
inorganic phosphate, which can be detected in the malachite green assay(38) (Figure 2b).
Importantly, the phosphate accumulation was linear over time (Figure 2c), reflecting
continuous enzymatic turnover of NADPH by MESHI. The product is further validated
by mass spectrometry, which revealed a peak at m/z 664.141 as [M-H] as NADH (Figure
2d). Steady state kinetics indicates that human MESHI1 is an efficient NADPH
phosphatase in vitro (Figure 2e); its Km value of 0.12 + 0.01 mM, which is comparable
with other reported cellular enzymes that utilize NADPH, such as human phagocytic
NADPH oxidase (Km value of 0.11 mM(39)), supporting the role of MESHI1 as a
physiologically relevant NADPH phosphatase in human cells. Although MESH1 also
catalyzes hydrolysis of 2’-phosphate group towards NADP+ in vitro, it is ~10-fold less

efficient (keat/Km = 1.4 # 0.1 s'mM), and its Km value of 0.43 + 0.04 mM is significantly

12



higher than the estimated cytosolic concentration of NADP+ (4.9 + 0.2uM in human
colorectal carcinoma cell line(40)), rendering MESH1 an ineffective phosphatase for
NADP+ in cells (Figure 2e).

Previous biochemical and structural analysis has revealed MESH1 as a Mn?-
dependent enzyme(4). Accordingly, we found that the NADPH phosphatase activity of
MESH]1 is also Mn?*-dependent, which the activity was largely depleted when Mn?*" was
substituted with Zn?* (Figure 2f). Likewise, mutations of MESHI1 residues near the Mn?*
ion in the active site severely compromised the NADPH phosphatase activity by >103- to
10*-folds in enzymatic assays (Figure 2f).

In order to visualize the molecular details of the NADPH recognition, Joshua
Rose in Zhou lab further determined the co-crystal structure of the hMESH1-NADPH
complex, which the coordinate is available at the PDB databank (accession number:
5VXA). Briefly, the NADPH ribose group and its 5-pyrophosphate group are
extensively recognized by MESH1, with same catalytic amino acids in the active site as
for ppGpp (E65 and D66). Notably, MESHI lacks the ability to differentiate the adenine
nucleotide of NADPH from the guanine nucleotide as was found in ppGpp. These
structural observations reinforce the notion that MESHI1 is a bona fidle NADPH

phosphatase(41).
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Figure 2. MESH1 is a mammalian NADPH phosphatase.

a, Chemical similarity between NADPH and ppGpp and the proposed chemical reaction
of MESHI1. b, Detection of the hMESH1-catalyzed phosphate release from NADPH by
the colorimetric malachite green assay. The malachite green reagent changes from
yellow to green in the presence of inorganic phosphate. ¢, Linear product accumulation
of the NADPH dephosphorylation reaction catalyzed by hMESH1 (n=3, error bar
indicates s.d.). d, Validation of the formation of NADH by mass spectrometry analysis. e,
Enzymatic characterization of hMESH1 toward NADPH and NADP+ (mean + s.d., n=4).
f, Effects of Zn2+ substitution and active site mutation on the specific activity of purified
recombinant hMESHI1 (mean + s.d., n=3). (Joshua Rose, Pei Zhou and Zigiang Guan)
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2.2 Methods
2.2.1 Cell culture and ferroptosis induction

The RCC4 cell line was provided by Denise Chan (University of California, San
Francisco, San Francisco, CA) and was authenticated by DDC (DNA Diagnostics Center)
Medical using the short tandem repeat method in November 2015. HEK-293T, H1975,
MDA-MB-231, 786-O, PC3, HT1080, A673, and PANC1 were obtained from the Duke
Cell Culture Facility and tested negative for mycoplasma. All cells were cultured in
DMEM with 4.5 g/L glucose and 4 mM Glutamine (11995-DMEM, ThermoFisher
Scientific) and 10% heat-inactivated fetal bovine serum (Hyclone # SH30070.03HI) in a
humidified incubator, at 37 °C with 5% CO2.

Ferroptosis was induced by drug treatment with erastin (Cayman #17754),
sulfasalazine (Sigma S0883), ML-162 (Cayman #20455), or RSL3 (Cayman #19288) at the
concentrations indicated in the figure for one day, or by cystine deprivation. Cystine
deprived media were prepared using the DMEM, high glucose, no glutamine, no
methionine, no cystine media (ThermoFisher Scientific, 21013024) with 10% dialyzed
Fetal Bovine Serum (Sigma, F0392), L-Methionine (Sigma, M5308, final concentration 30
mg/L), L-glutamine (ThermoFisher, #25030-081, final concentration 4mM), and with
added L-Cystine (Sigma, C6727) at 200 puM for regular full media or at the

concentrations indicated in the figures.
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2.2.2 Genetic depletion of MESH1 and other genes by RNAI

The siRNAs used in this study are listed in Table of appendix A. The efficacies of
these siRNA were accessed by rt-qPCR and/or Western blots. For enzymology, 8 x 10°
RCC4 cells were seeded in a 100 mm plate, and transfected after one day of growth with
600 pmole of siRNA and 40 pL Lipofectamine RNAIMAX (ThermoFisher Scientific,
#13778150) for 72 hours before the collection of cell lysates. For NADP(H) measurement,
8 x 10* cells were seeded per well of 6-well plate with 40 pmole of siRNA and transfected
using 3uL of Lipofectamine RNAiIMAX for 48 hours before drug treatment for one day.
For viability assays, 2,800 RCC4 cells were seeded per well on 96-well plates with 5
pmole of siRNA and 0.4 puL Lipofectamine RNAiIMAX for at least 48 hours before drug
treatment for one day. To collect RNA or protein, 10> RCC4 cells were seeded in a well of
a 6-well plate with 40 pmole of siRNA and 3uL of Lipofectamine RNAIMAX for 72

hours before collection.

2.2.3 Overexpression of MESHL1 by lentivirus or plasmid

Lentivral constructs of MESH1-WT were generated by cloning human MESH1
(RefSeq: NM_001286451.1) into lentiviral vector pLX302(42) (gift from David Root,
Addgene plasmid #25896) without expression of the V5 tag. MESH1-E65A and MESH1-
D66A constructed were generated based on MESH1-WT construct using QuikChange
XL Site-Directed Mutagenesis Kit (Agilent, #200517) and the online primer design tool

(https://www.genomics.agilent.com/primerDesignProgram.jsp retrieved on September
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2018). The primer sequences can be found in Appendix B. These constructed were used
to generate cell lines that are stably overexpressing MESHI.

Briefly, virus was generated by transfecting HEK-293T cells with a 0.1:1:1 ratio of
pMD2.G: psPAX2 : pLX302 with TransIT-LT1 Transfection Reagent (Mirus, MIR2305).
pMD2.G and psPAX2 were gifts from Didier Trono (Addgene plasmid #12259 and #
12260, respectively). Virus was collected 48 hours after transfection. Stable cell lines were
generated by adding 200 uL virus to a 60 mm dish of RCC4 or other cells with 8 ug/mL
polybrene. 1 pg/mL puromycin was used for selection. Complete death in blank
infection dishes was used to determine the success of infection and the length of
puromycin selection. The efficiency of overexpression was determined by Western
blotting.

Transient overexpression of human MESH1-WT, MESH1-E65A or MESH1-D66A
was achieved using the pCMVé6-neo vector (OriGene, SC334209). Transient
overexpression of mouse MESH1-WT and MESHI1-D66N was achieved using the
pcDNA4/myc-His A vector (ThermoFisher, V86320) without expressing the tag by
cloning the cDNA with stop codon. For NADP(H) content assay or enzymology assay, 2
x 10> HEK-293T cells were seeded in one well of a 6-well plate for 24 hours, and then 1
ug of plasmid (empty vector or with MESH1-WT or MESH1-E65A) was transfected with

TransIT-LT1 Transfection Reagent (Mirus) for additional 48 hours before collection.
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2.2.4 Quantitative real-time PCR

RNA was extracted using the RNeasy kit (Qiagen, 74104) following
manufacturer’s instructions. 500 ng of total RNA with or without reverse transcriptase
were prepared using a SensiFast cDNA synthesis kit (Bioline, BIO-65054) for real-time
PCR comparison with Power SYBRGreen Mix (ThermoFisher Scientific, 4367659).
Primers were designed across exons whenever possible using PrimerBot! developed by
Jeff Jasper at Duke University. The product of PCR was validated for specificity by DNA

electrophoresis. Please refer to Appendix B for primer sequences used in this study.

2.2.5 Protein lysates collection and Western Blots

Cells lysates were collected in buffer with 50 mM Tris pH 8.0 and 200 mM NacCl
(for enzymology, Section 4.2.7), NADP(H) lysis buffer (for NADP(H) measurement, ATT
Bioquest #15272, described in Section 4.2.8), cell fractionation buffer (Section 4.2.10) or
Radioimmunoprecipitation assay (RIPA) buffer (Sigma, R0278) if not specified with
protease inhibitors (Roche, 11836170001). Lysates are quantified by Bicinchoninic acid
(BCA) assay. For Western blots, 15-50 ug of lysates were loaded on SDS-PAGE gels,
semi-dry transferred to PDVF membrane, blocked with 5% milk in TBST with 0.1%
Tween-20, then incubated with primary antibodies overnight at 4°C. After washing, the
membrane was incubated with secondary antibody at room temperature for one hour.
The images were then developed by SuperSignal West Pico PLUS Chemiluminescent

substrate (ThermoFisher, #34577) or Amersham ECL Prime Western Blotting Detection
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Reagent (GE Healthcare Life Sciences, RPN2232) and exposed in ChemiDoc imaging

system (Biorad). Please refer to Appendix C for antibodies used in this study.

2.2.6 Measurement of cellular NADPH phosphatase activity

Enzymatic assays for cellular MESH1 for NADPH were performed in a buffer
containing 50 mM Tris pH 8, 200 mM NaCl, and 1 mM MnCl.. Specific activities of cell
lysates were determined using 1 mM NADPH with the reaction time varying from 15-90
minutes. Assays were carried out using 3ug/uL cell protein lysates. Reactions were
stopped by the addition of formic acid (3 M final concentration). The amount of released
phosphate was assessed using the malachite green reagent as previously described(38)

and established by Joshua Rose.

2.2.7 NADP(H) measurements

Amplite colorimetric NADPH assay kit (#15272, ATT Bioquest) was used to
measure NADP(H) (both NADP+ and NADPH) in this study. Similar enzymatic
approach were compared with multiple protocols and showed compatible NADPH
preservation as fresh fixation of the cells with mass spectrometry measurement(40).
Briefly, cells were seeded into a 6-well plate with siRNA or plasmid as described.
NADP(H) was collected using 100 uL of the provided lysis buffer. NADP(H) content
was measured and normalized by protein content of the lysate, quantified by BCA assay.
In cells treated with erastin or cystine deprivation, the NADP(H) change is normalized

with NADP(H) measured in DMSO-treated cells.
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2.2.8 Lipid Peroxidation measurement

Lipid ROS levels were determined using 10 pM of C11-BODIPY dye (D3861,
ThermoFisher Scientific) according to the manufacturer’s instructions. Cells were seeded
and reverse transfected with siRNAs in six-well plates for two days, then the culture
medium was replaced with 1uM erastin treatment for overnight. The next day, the
medium was replaced to 10 uM C11-BODIPY containing medium for 1 hour. Later, the
cells were harvested by trypsin and washed three times with ice-cold PBS followed by
re-suspending in PBS plus 1% BSA. The amount of ROS within cells was examined by

flow cytometry analysis (FACSCantoTM II, BD Biosciences).

2.2.9 Cell viability and cell death assays

Multiple viability and cell death assays were used in this study. The cell viability
was measured by CellTiter-Glo assay (Promega #G7570), which quantified intracellular
ATP by luminescence as an indicator of viability, or Crystal Violet that stain for the
attached cells and quantify by dissolving in 10% acetic acid and measure the absorbance
at 570nm. Cell death under erastin with multiple time points was evaluated by CellTox-
Green Cytotoxicity assay (Promega, #G8741), which stain for DNA in dead cells. The cell
death was further confirmed with CytoTox-Fluor assay (Promega #G9260), which
quantified protease release from broken cells in the cell culture media. The fluorescence
intensity, absorbance, and luminescence intensity were measured by plate reader

(FLUOstar Optima, BMG lab tech).
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2.2.10 Cell fractionation

Cell fractionation to isolate protein from nucleus, cytosol, or mitochondria were
described in details in Clayton et al(43). Briefly, RCC4 cells or HEK-293T cells were
cultured in 150mm plate and reverse transfected with siRNA for 3 days to reach 80%
confluence before fractionation. After washing twice in ice-cold PBS, the cells were
collected by scraping and resuspended in ImL RSB hypo buffer (10mM NaCl, 1.5mM
MgClz, 10mM Tris-HCl pH?7.5) on ice for 10 mins. The suspension was transferred to
glass dounce tissue grinder (Wheaton #357542) with tight pestle (0.05mm clearance). The
cells were broken by 30 strokes. 0.667mL of 2.5X MS homogenization buffer (525mM
mannitol, 175mM sucrose, 12.5mM Tris-HCl pH 7.5, 2.5mM EDTA) were added, mixed
and transferred to a new centrifuge tube for differential centrifugation. Lysates were
centrifuged in 1300g for 5 min, 4°C to get nuclei in pellet. supernatant were centrifuged
in 1300g, 5min for 4°C for two more time to get rid of nuclei, unbroken cells, and large
membrane fragments, then centrifuged in 16,600g for 15min, 4°C to get mitochondria in
pellet. Cytosolic protein in the supernatant was concentrated using 3kD filter (EMD
Millipore, UFC500396). Nuclei in pellet were washed with 0.1% Nonidet P-40 in PBS
twice. Mitochondria in pellet were washed by 1X MS buffer (210mM Mannitol, 70mM
sucrose, 5mM Tris-HCl pH 7.5, ImM EDTA) once. Nuclei or mitochondria pellet were
then resuspend in RIPA buffer and break open by sonication (Bioruptor, Diagenode) in

High setting, 30 seconds on / 30 seconds off, 15 min, 4°C

21



2.2.11 Metabolomic profiling of MESH1 silenced cells

The sample preparation process for metabolite quantification was carried out
using an automated MicroLab STAR system (Hamilton). After removal of the protein
fraction, the extract was divided into two fractions; one for analysis by LC (GSH, GSSG)
and one for analysis by GC (cysteine). The LC/MS portion of the platform is based on a
Waters ACQUITY UPLC and a Thermo-Finnigan LTQ mass spectrometer, which
consists of an electrospray ionization (ESI) source and linear ion-trap (LIT) mass
analyzer. The sample extract was analyzed using acidic positive ion optimized
conditions. Extracts reconstituted in acidic conditions were gradient eluted using water
and methanol both containing 0.1% formic acid, while the basic extracts, which also used
water/methanol, contained 6.5mM ammonium bicarbonate. The MS analysis alternated
between MS and data-dependent MS2 scans using dynamic exclusion. The samples
destined for GC/MS analysis were re-dried under vacuum desiccation for a minimum of
24 hrs prior to being derivatized under nitrogen using bistrimethyl-silyl-
triflouroacetamide (BSTFA). The GC column was 5% phenyl and the temperature ramp
was from 40° to 300°C in a 16 min period. Samples were analyzed on a Thermo-
Finnigan Trace DSQ fast-scanning single-quadrupole mass spectrometer using electron
impact ionization. The information output from the raw data files was automatically
extracted as discussed below. For ions with counts greater than 2 million, an accurate

mass measurement could be performed. Accurate mass measurements could be made
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on the parent ion as well as fragments. The typical mass error was less than 5 ppm.
Identification of known chemical entities was based on comparison to metabolomic
library entries of purified standards. The combination of chromatographic properties
and mass spectra gave an indication of a match to the specific compound or an isobaric

entity.

2.3 MESH1 is a major NADPH phosphatase in human cells

In order to determine whether MESH]1 is a significant contributor to the cellular
NADPH phosphatase activity, we measured the enzymatic activity in cell lysates
extracted from two human cell lines, RCC4 cells (a human clear cell renal carcinoma cell
line) and HEK-293T cells (a human embryonic kidney cell line). We found that lysates
from MESHI-silenced cells had a substantial decrease of the NADPH phosphatase
activity (Figure 3 a, b). Conversely, overexpression of wild-type hMESHI, but not the
catalytically deficient E65A or D66A hMESH1 mutant, significantly enhanced the
cellular NADPH phosphatase activity (Figure 3 ¢, d). Taken together, these observations
verify hMESHI as a significant contributor to the NADPH phosphatase activity in
human cells. It is worth noting that the siRNA of MESH1 did not suppress NADPH
phosphatase activity completely, indicating the possible existence of another enzyme
that also contributes to the NADPH phosphatase activity in mammalian cells. One
possible candidate is the NADP(H) phosphatase activity previously observed in rat liver

lysates(35), though the reported enzymatic activity favors NADP+ and the identity of the
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enzyme has remained unknown in animal cells(32). Therefore, to the best of our
knowledge, the NADPH phosphatase activity of MESH1 is distinct from the previously
observed activity and represents the first description of an NADPH phosphatase in

human cells.

24



Q
(o

ca
o
o

ki
N

X%

[o0]
o
=] -
(o2} o
-
|:
.
.

20

o
»

= g

0.0 : ' ; SINT  siMESH1 sIMESH1
SNT  SIMESH1 SIMESH1

o

pmol/min/mg lysate protein
o n S

Specific Activity (x10-4)
pMmol/min/mg lysate protein
Specific Activity (x1 0‘3)

cDS IUTR -CDS -3'UTR
GAPDH |___* T I B-tubulin I S P~ o, . oy . f— o,
MESH1 [= = =~ | MESH1 | cmamam
E . m . P d - . ~M
o B 1w ) — - I
B T i o§ o = i
XZg 50 B o S 8 50 E o
23 £ : =5 <
22 4w E o :%; 40 =y
S o . QS S 0 02
E 2z > £
Z:’.‘% e o 1 S TS . 2 - * o ompty MESHA
g§E 20 ks M1 SE 20 vector -DB6A
[=]
DE 10 g€ 1o
0 - — ? g_ 0 —— —_—
empty MESH1MESH1 empty MESH1 MESH1
vector -WT -E65A vector -WT -D66A
emtpy vector MESH1-WT MESH1-E65A emtpy vector ~ MESH1-WT MESH1-D66A
B-tubulin = - > o> > o= > > o> B-tubulin e esa» oo o> oo e
MESH1 S e o S s e MESH1 - s e e e

Figure 3. MESH1 is the major NADPH phosphatase in human cells.

NADPH phosphatase activity of cells was estimated by incubating NADPH with cell
lysates with different MESHI1 status; phosphate release over time was measured by
malachite green assays and normalized by protein (umol/min/mg total lysate protein).
(a-b) hMESH1 is a significant contributor to the NADPH phosphatase activity in a,
RCC4 lysates, b, HEK-293T lysates. (c-d)There is an increase of cellular NADPH
phosphatase activity with overexpression of WT MESH1, but not with overexpression of
enzymatically deficient MESH1 (¢, MESH1-E65A or d, MESH1-D66A). Black dots
represent siNT samples or empty vector control samples, blue dots represent siMESH1
samples, red dots represent MESH1-WT overexpression samples, and grey dots
represent MESH1 mutant samples. Samples were analyzed by Western blot to confirm
knock-down or overexpression efficiency. n=3-4 for each condition. Error bar indicates
s.d. One-way ANOVA with Tukey HSD post-hoc test, *P<0.05, **P<0.01.
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2.4 Regulation of MESH1 during stresses

After establishing hMESHI as a significant contributor to the cellular NADPH
phosphatase activity, we investigated whether MESH]1 itself is regulated under different
starvation stresses as in stringent response in bacteria. We exposed the cells under a
series of nutrient deprivation, including different amino acids (cystine, glutamine, total
amino acid) deprivations, glucose deprivation, and serum deprivation. We found that
MESH]1 is up-regulated in all of these stresses in different degree (Figure 4a). As cystine
deprivation also induce ferroptosis, we tested MESH1 level under erastin treatment and
also found MESH1 was up-regulated. (Figure 4b). The regulation seems to be
transcriptional, as RNA levels were up-regulated in two different cell lines. (Figure 4c, d).
Furthermore, overexpression of wild-type hMESH1 (MESH1-WT), but not an
enzymatically deficient mutant (MESH1-E65A), significantly lowered intracellular
NADP(H) level (Figure 4e, f) and sensitizes cells to ferroptosis upon erastin treatment
(Figure 4g). Although the mechanism of MESH1 transcriptional regulation is yet to be
explored, the data implicates a potential functional role of MESH1 in nutrient starvation

and ferroptosis.
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Figure 4 MESH1 regulation during stresses.

a, MESH1 protein level is upregulated in stresses. b, MESH1 protein level is upregulated
during ferroptosis. RCC4 Cells were treated by erastin for 1uM for 8h (by T. Sun). c-d,
MESH1 RNA level is upregulated in stresses in ¢, RCC4 cells (by T. Sun), d, MDA-MB-
231 cells. F and Full: full media control; -C and CysDep: cystine deprivation; -Q and
GInDep: glutamine deprivation; -G and GlcDep: glucose deprivation; LS: low (0.05%)
serum; -AA and no AA: total amino acids deprivation. e-f, Overexpression of WT
MESH]1, but not the MESH1 E65A mutant, significantly reduced the intracellular
NADP(H) content in both RCC4 (e) and HEK-293T (f) cells. g, overexpression of
MESH1-WT, but not MESHI1-E65A, sensitize the cell death to low dose (0.625 pM)
erastin treatment in RCC4 cells. Black dots represent siNT or empty vector samples, blue
dots represent siMESH1 samples, red dots represent MESH1-WT samples, and grey dots
represent MESH1-E65A samples. Error bar indicates s.d. (n=3 per condition for panel e-
g). Statistical analysis: one-way ANOVA with Tukey HSD post-hoc test, *P<0.05,
**P<0.01.
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2.5 MESH1 depletion lead to ferroptosis protection by preserving
NADPH

In order to further assess the MESHI1 function in ferroptosis, we investigated
whether depletion of MESH1 and its associated NADPH phosphatase activity could
mitigate lipid peroxidation through the accumulation of NADPH and alteration of the
glutathione redox potential, and alleviate ferroptotic death. Erastin treatment
dramatically reduced the level of NADP(H) (Figure 5a) and increased degree of lipid
peroxidation in control (siNT) cells (Figure 5c). While MESH]1 silencing did not increase
intracellular NADP(H) level (Figure 5b), it sustained a significantly higher level of
NADP(H) under erastin (Figure 5a). In addition, MESH1 silencing also markedly
reduced the level of lipid peroxidation (Figure 5c). As a result of NADPH preservation
erastin-induced death of RCC4 cells using CellTox-Green assay that measures cell death
by DNA staining (Figure 5d). The ferroptosis protection of MESH1 silencing was further
validated by other types of viability and death assays (Figure 5e-g). Such a ferroptosis-
rescuing effect appeared to be general, as MESH1 depletion similarly promoted
resistance to erastin-triggered ferroptosis in multiple cell lines, including HEK-293T,
H1975, MDA-MB-231, PC3, HT1080, A673, PANC-1, and 786-O (Figure 6). Importantly,
the resistance to erastin-induced ferroptosis is directly correlated with the loss of the
catalytic activity of MESH1, as the ferroptotic survival phenotype in MESH1-depletion
cells was abolished when WT MESHI, but not the catalytically deficient E65A mutant of

MESH]1 was expressed (Figure 5h).
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Besides erastin, ferroptosis can be also triggered by sulfasalazine, another xCT
inhibitor as well as cystine deprivation (Figure 1). In addition, various inhibitors of
GPX4 can also trigger ferroptosis downstream of NADPH/GSH (Figure 1). Therefore, we
determined the ability of MESHI silencing to rescue ferroptosis triggered by different
means. Similar to erastin, cystine deprivation also depletes intracellular NADP(H),
whereas the level of NADP(H) was sustained at a significantly higher level in MESH1-
silenced (siMESH1) cells than in control cells (Figure 7a). MESHI1-depletion also
conferred resistance to ferroptosis induced by cystine deprivation and sulfasalazine
(Figure 7b, c) that trigger ferroptosis by depleting intracellular GSH. However, MESH1
depletion did not rescue ferroptosis induced by FIN56, ML162, or RSL3, different GPX4
inhibitors (Figure 7d-f). These observations indicate that MESHI1-depletion rescues
ferroptosis by NADPH-driven repletion of reduced glutathione (GSH). Indeed, although
no significant effect on the levels of intracellular cysteine or oxidized glutathione (GSSG)
were observed in MESH1-depletion cells, (Figure 7g, h), we observed a significantly
increase of the GSH and GSH/GSSG ratio (Figure 7i, j). According to these data, we
proposed that MESH1 plays a role during ferroptosis as a NADPH phosphatase (Figure

7K).
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a, The percentage change of NADP(H) after one day of 20uM erastin when compared to
vector control (DMSO) treatment in RCC4 cells with non-targeting (NT) siRNA or 2
distinct MESH1-targeting siRNAs. MESH1 knock-down efficiency was validated by
Western blot. b, No significant difference of NADP(H) content between MESH1-silenced
and siNT RCC4 cells in the absence of stress. ¢, The lipid peroxidation of RCC4 cells with
or without one day treatment of erastin (1uM) was accessed by C11-BODIPY and flow
cytometry in cells transfected with non-targeting (NT) siRNA or 2 distinct MESH1-
targeting siRNAs. (by W.-H. Yang) d, Time course of cell death in RCC4 cells with non-
targeting (NT) siRNA or 2 distinct MESH1-targeting siRNAs under erastin (0.625uM)
treatment up to one week. e-g, Erastin-induced cell death is rescued by MESH1 silencing
in RCC4 cells using multiple indicated assays: Cytotox-Flour, measured protease release
in the media for cell death (e); crystal violet staining for attached viable cells (f), and
CellTiter-Glo for intracellular ATP and viability (g). h, Percentage of cell viability of
RCCH4 cells after erastin 5uM treatment for one day. Viability were compared between
MESH1-WT or MESH1-E65A overexpression over MESH1-silenced cells and showed the
restoration of sensitivity in ferroptosis only in MESH1-WT overexpressed cells.
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Figure 6 The protective effect of MESH1 depletion during ferroptosis is
validated in multiple cell lines.

Erastin-induced ferroptotic cell death of indicated cell lines is rescued by MESHI
silencing as accessed by CellTiter-Glo: a, RCC4 cells exposed to erastin 2.5 uM for one
day; b, HEK-293T cells exposed to erastin 2.5 pM for one day, ¢, lung adenocarcinoma
cell line H1975 with erastin 10 uM for two days, d, breast cancer cell line MDA-MB-231
with erastin 2.5 uM for one day, e, prostate cancer cell line PC3 with erastin 10 uM for
one day, f, fibrosarcoma cell line HT1080 with erastin 2.5 uM for one day, g, Ewing’s
sarcoma cell line A673 with erastin 2.5 uM for one day, h, pancreatic carcinoma cell line
PANC1 with erastin 2.5 uM for one day, and i,clear cell renal carcinoma cell line 786-O
with erastin 5 uM for one day. Black dots represent siNT samples, blue dots represent
siMESH1 samples. Error bar indicates s.d. (n=3 per condition). Statistical analysis: one-
way ANOVA with Tukey HSD post-hoc test, *P<0.05, **P<0.01
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a, The percentage change of NADP(H) after one day of cystine deprivation in RCC4 cells
transfected with non-targeting (NT) siRNA or 2 distinct MESH1-targeting siRNAs. b-f,
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The viability of RCC4 cells transfected with siNT (black) or two independent siMESH1
(blue) and treated with different concentrations of indicated ferroptosis-inducing
means/agents for one day: (b) cystine deprivation; (c) sulfasalazine; (d) FIN56; (e) ML162;
(f) RSL3. Each dot represents one sample; there are three independent samples (n=3) in
each group. g-j, intracellular metabolites of RCC4 with non-targeting (NT) siRNA or
MESH]1-targeting siRNA were quantified by mass spectrometry and normalized by
DNA content, (g) cysteine, (h) reduced glutathione (GSH), (i) oxidized glutathione
(GSSG), and normalized intensity ratio of GSH/GSSG (j). k, schematic model of MESH1
regulation of glutathione during ferroptosis. Black dots represent siNT or empty vector
samples, blue dots represent siMESH1 samples. Error bar indicates s.d. (n=3 per
condition). Statistical analysis: ANOVA with Tukey HSD post-hoc test (a-f), Student’s t-
test (g-j), *P<0.05, **P<0.01.
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2.6 MESH1 is a cytosolic NADPH phosphatase

As the cytosolic and mitochondrial pools of NADP(H) and NAD(H) are
compartmentalized in mammalian cells due to the impermeability of these molecules
across the mitochondrial membranes(44), we reasoned that removal of the NAD kinase
either from the cytosol (NADK) or mitochondria (NADK2) would reduce the distinct
pools of NADP(H) and compromise the ferroptosis survival phenotypes of MESHI-
silenced cells. Indeed, when the gene encoding the cytosolic enzyme NADK was
silenced, the survival benefit of silencing MESH1 was largely eliminated (Figure 8 a, b).
In contrast, silencing the gene encoding the mitochondrial enzyme NADK2 did not
affect the MESH1-mediated ferroptosis survival (Figure 8 a,b). Consistent with this
notion, we found the cellular NADP(H) was significantly diminished when NADK was
silenced, whereas silencing of NADK?2 has little effect on cellular NADP(H) (Figure 8c),
suggesting a limited role of NADK2 in this process. Corroborating these observations,
cellular fractioning experiments(43) indicated that MESH1 was predominately enriched
in the cytosolic, but not the mitochondrial/nuclear pools (Figure 8d)

Importantly, we also examined the gene expression level of MESH1 compared to
NADK, NADK2 and other genes involved in NADPH metabolism, including NNT
(NAD(P) Transhydrogenase, Mitochondrial), G6PD (Glucose-6-Phosphate
Dehydrogenase), PGD (Phosphogluconate Dehydrogenase), GSR (Glutathione

reductase), and NOX1 (NADPH oxidase 1) by RNAseq. We found the expression levels
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are compatible (within 0.5-4 fold compared to MESH1) (Figure 8e), suggest a MESH1

expression level is in an acceptable range compared to other NADPH metabolism genes.
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Figure 8 MESH1 is a cytosolic NADPH phosphatase

a, Knockdown of the cytosolic enzyme NADK, but not mitochondrial enzyme NADK2,
eliminated the ferroptosis protection in MESHI silenced cells. b, Normalized mRNA
levels of MESH1, NADK and NADK2 in cells treated with indicated siRNAs. The
mRNA abundance was quantified by rt-qPCR, normalized to that of B-actin, and
presented in fold change (244<7). ¢, Co-silencing of NADK, but not NADK?2, reduced the
NADP(H) levels accomplished with MESH1 silencing. d, Cell fractionation separating
cytosol from nucleus and mitochondria, showing that MESH1 is specifically enriched in
the cytosolic compartment. e, Three plates of RCC4 cells were sequenced and the
relative expression levels of the indicated genes were calculated by RPKM (Reads per
kilo base per million mapped reads). If unspecified, siMESH1 indicates siMESH1-CDS.
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3. The phenotypes of MESH1 depletion

3.1 Introduction

Stringent response induced by ppGpp accumulation in bacteria lead to a
prominent transcriptional response(1), and the depletion of Drosophila Mesh1 also leads
to profound transcriptional changes reminiscent of bacterial stringent response without
ppGpp accumulation(4). Thus, in this chapter, we examined whether a similar
transcriptional change can be observed upon silencing of human MESH1 in human cells.
Specifically, we profiled the transcriptional changes of MESHI-silenced cells to
determine if the transcriptional signatures of this oxidative stress survival phenotype
share any similarity with other types of stress response pathways, such as the
mammalian integrated stress response (ISR)(29) and the bacterial stringent response.

In addition to transcriptional response, GTP homeostasis is also reported to be
regulated during stringent response in Bacillus subtilis, which (p)ppGpp directly inhibits
the activities of multiple GTP biosynthesis enzymes and lead to a decrease of GTP levels
in cells(3). GTP is the precursor of dGIP, thus the downregulation of GTP during
stringent response may interfere DNA replication and thus cell growth(3). Although
human cells do not have ppGpp, we observed a transcriptional inhibition of both
subunits of the dNTP generating enzyme ribonucleotide reductase (encodes by RRM1,
Ribonucleotide Reductase Catalytic Subunit M1 and RRM2, Ribonucleotide Reductase

Regulatory Subunit M2) during transcriptional profiling (Section 3.3.1), thus we
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hypothesized that silencing human MESHI may also lead to such dysregulation of
nucleotides and deoxynucleotides , which will be discussed in Section 3.3.2.

From the analysis of the transcriptional response and the profiling of dNTPs in
human cells during MESH1 silencing, we found there is an inhibition of cell cycle
regulating pathways at transcriptional level (Section 3.3.1) and down regulation of
dNTP (Section 3.3.2). In bacterial stringent response, ppGpp also contributes to growth
rate inhibition by various mechanisms(10, 45). Thus, we hypothesized that there could
also be a similar inhibition of cell proliferation during MESH]1 silencing in human cells,
which will be discussed in Section 3.3.3.

To understand the importance of MESH1 in organism level, we also looked at
various Meshl manipulation in other model systems and generate a mouse knockout
model by ourselves. The Drosophila Meshl knockout model is reported to have a
transcriptional response and impaired starvation response in larvae stage.(4) In C.
elegans, RNAI inhibition of Meshl homolog ZK909.3 was reported to cause moderate
reduction of fat storage in the worm(46), which implicates a possible connection of
MESH1 and fat metabolism that might fit into the role of MESH1 as a NADPH
phosphatase. Silencing ZK909.3 did not lead to embryonic lethality, larval arrest, slower
growth, or maternal sterile or sterile progeny(47-49). The zebrafish meshl (hddc3)
knockout phenotypes were not determined yet (Zebrafish mutation project(50),

phenotypes searched on November 2018). The homozygous Meshl knockout mice
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(Hddc3tmtikoMPViesyeenerated by IMPC (International Mouse Phenotypeing Consortium)
was reported to be viable with several abnormal morphology in a variety of organ
system, including enlarged heart and spleen, abnormal kidney, liver, and pancreas
morphology(51) (database searched on November 2018). Overall, in these animal models,
silencing or knocking out MESHI are not reported to be lethal. However, its
physiological importance need to be further studied, especially under stresses. The

generation of Mesh1 knockout mice and the phenotypes will be discussed in section 3.4.

3.2 Methods
3.2.1 Cell Culture

The RCC4 cell line was provided by Denise Chan (University of California, San
Francisco, San Francisco, CA) and was authenticated by DDC (DNA Diagnostics Center)
Medical using the short tandem repeat method in November 2015. All cells were
cultured in DMEM with 4.5 g/L glucose and 4 mM Glutamine (11995-DMEMV,
ThermoFisher Scientific) and 10% heat-inactivated fetal bovine serum (Hyclone #

SH30070.03HI) in a humidified incubator, at 37 °C with 5% CO..

3.2.2 Cell Viability assays

The cell viability was measured by the CellTiter-Glo assay (Promega #G7570),
which quantifies intracellular ATP by luminescence as an indicator of viability, or by
Crystal Violet staining of the attached live cells, which is quantified by dissolving in 10%

acetic acid and measured by the absorbance at 570nm. The absorbance and luminescence
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intensity were measured by using a plate reader (FLUOstar Optima, BMG lab tech). For
clonogenic assay, 4,000 cells were seeded in each well of 6-well cell culture dish.
Doxycycline were added 24 hours after cells were seeded and attached to the plate and

were replace every 72 hours.

3.2.3 Genetic depletion of MESH1 by siRNA or shRNA

Transient silencing of MESH1 is achieved by siRNA targeting MESH1 (siMESH1-
CDSs, siMESH1-3'UTRs) and compared to non-targeting siRNA (siNT), and the
targeting sequence are specified in Appendix A. The efficacies of these siRNA were
accessed by rt-qPCR, Western blots or both. For dNTP quantification, 1.5 x 10° RCC4
cells were seeded in a 150 mm plate, and transfected after one day of growth with 900
pmole of siRNA and 60 uL Lipofectamine RNAIMAX (ThermoFisher Scientific,
#13778150) for 72 hours before the collection of cell lysates. For viability assays, 2,800
RCC4 cells were seeded per well on 96-well plates with 5 pmole of siRNA and 0.4 puL
Lipofectamine RNAIMAX for at least 48 hours before drug treatment for one day. To
collect RNA or protein, 10> RCC4 cells were seeded in a well of a 6-well plate with 40
pmole of siRNA and 3uL of Lipofectamine RNAIMAX for 72 hours before collection.

Induction of shRNA silencing against MESH1 were achieved by stably express
doxycycline-inducible shRNA using lentiviral system Tet-pLKO-puro (Addgene
plasmid #21915), which is a gift from Dmitri Wiederschain(52). 3 independent sequences

(clone ID: TRCN0000243218, TRCN0000243217, TRCN0000243216 from Mission human
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shRNA library) targeting MESH1 were cloned into Tet-pLKO-puro plasmid. Virus were
generated by transfecting HEK-293T cells with a 0.1:1:1 ratio of pMD2.G: psPAX2: Tet-
pLKO-puro with TransIT-LT1 Transfection Reagent (Mirus, MIR2305). pMD2.G and
psPAX2 were gifts from Didier Trono (Addgene plasmid #12259 and # 12260,
respectively). Virus was collected 48 hours after transfection. Stable cell lines were
generated by adding 200 uL virus to a 60 mm dish of RCC4 cells or H1975 cells with 8
ug/mL polybrene. 1 ug/mL puromycin was used for selection. Complete death in blank
infection dishes was used to determine the success of infection and the length of
puromycin selection. The efficiency of overexpression was determined by Western

blotting.

3.2.4 cDNA microarray analysis

RNA samples were collected by RNeasy Mini Kit (Qiagen, #74104) according to
manufacturer’s instructions. RNA qualities of each sample were assessed by Agilent
BioAnalyzer to insure the RNA integrity. cDNA were synthesized from 200ng RNA with
the Ambion® MessageAmp™ Premier RNA amplification (Life Technologies). The gene
expression level were interrogated with Affymetrix U133A gene chips and normalized
by the RMA (Robust Multi-Array) algorithm. cDNA synthesis and microarray
interrogation were performed by the Duke Microarray Core Facility. The influence of
silencing MESH1 and ATF4 on gene expression was derived by the zero transformation

process, in which we compared the gene expression level with siMESHI1 or
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siMESH1+siATF4 to the average of gene expression level in control (siNT) samples.
Significant differentially-expressed genes (t test, P<0.05) were identified and a selection

of genes were validated by quantitative rt-PCR.

3.2.5 RNAseq analysis

Total RNA was isolated as detailed above. RNA quality was assessed using an
Agilent BioAnalyzer (Agilent). For RNAseq, 1 ug of total RNA was used to generate a
cDNA library with Illumina TruSeq Stranded mRNA LT Sample Prep Kit — Set A
(IIumina, RS-122-2101) according to the manufacturer’s instructions. The library was
pooled and sequenced using Illumina HiSeq 4000 with single-end 50 bp read length at
The Sequencing and Genomic Technologies Shared Resource of Duke Cancer Institute.
The data was analyzed using TopHat2(53) and HTSeq(54) with USCS hgl9 as the
reference genome. The differential analysis was performed using DESeq2(55). The genes
that are differentially expressed (adjusted p value <0.05) in both siMESH1-CDS and
siMESH1-3'UTR were selected and analyzed using MSigDB (Molecular Signatures
Database) database v6.1 and web site v6.3 with C5 (GO gene(56)) for Gene Ontology
analysis.

3.2.6 dNTP quantification

2 x 10¢ cells were washed twice with cold PBS, than resuspended in 100uL 60%
Methanol. After vortex vigorously, the samples were heated at 95°C for 3 minutes, than
centrifuge at 12,000 x g for 30 seconds. The supernatants were collected and dried under

43



vacuum using SpeedVac with medium heat. The dried pellets were then shipped to Dr.
Beak Kim’s lab at Emory University on dry ice. The pellets were subsequently
resuspended in ANTP buffer (50mM Tris-HCI, pH 8.0 and 10mM MgClz; 200uL for 2 x
10° cells.) and used for single nucleotide incorporation reaction(57). The quantification of
dNTP in each samples were normalized by pmole/1x10°cells. The dNTP quantification
were performed by Ms. Caitlin Shepard in Kim lab and was funded by R01 GM104198

and R01 AI049781-0.

3.2.7 Xenograft of MESH1-depleted tumors

H1975 cells with stably expression of Tet-pLKO-puro (empty vector) or MESH1-
targeting shRNA were selected under puromycin; single cell colonies were screened by
rt-qPCR for the best silencing effect achieved upon adding doxycycline for 3 days. 10°
transduced H1975 cells were then injected as subcutaneous xenografts in 0.1mL of a 1:1
media to Matrigel (Corning #354234) solution and allows the tumors become palpable
(0.2cm?, anticipate 2 — 3 weeks). Then the mice were fed by doxycycline-containing food
to induce the expression of control or MESH1-targetting shRNAs. Tumor volumes will
be measured twice weekly using digital calipers. Mice and tumor growth will be
monitored until tumors reach 1.5-2cm?, at which time mice were euthanized using
carbon dioxide. The tumoral tissue were collected for weight measurement and further

analysis.
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3.2.8 Generation of transgenic Mesh1 knockout mice

We obtained a targeting construct (IKMC ID 92733) from EUCOMM (The
European Conditional Mouse Mutagenesis Program). The targeting construct contained
Mesh1tm1aEUCOMMEmeu gllele (abbreviated as Mesh1?). Briefly, the allele contains Meshl
genomic sequence, a 6950bp long cassette (FRT — LacZ —loxP —neo — FRT) on intron 1 of
Mesh1, and two loxP sites franking critical exon 2 and exon 3. The LacZ reporter is
flanked by an upstream splice acceptor (SA) and a downstream transcriptional
termination sequence (polyA), terminating Mesh1 transcription while expressing LacZ.
Thus Mesh1® is a loss-of-function allele (“knock-out first”)(Figure 13a). In collaboration
with Duke Transgenic Mouse Facility, the construct were cloned, linearlized, and
transfected to mouse Embryonic Stem cells (ES cells) with 129/B6 background. The
resulting homologous recombination leads to the incorporation of this “knock-out first”
allele into the genome and thus disrupt Meshl expression. The recombination and
incorporation of Meshl® allele in ES cells were validated by Southern Blot (data not
shown). Several clones of ES cells were injected into embryos of 12951/Svim] mice and
result in chimera mice.

The allele could be further cross with FLP deleter mouse, which removes the lacZ
cassette, and leaving the intact Meshl with loxP sites franking exon 2 and 3
(Mesh1tm1«(EUCOMMHmgu - gahbreviated as Mesh1?), thus could be utilized for future cre-

mediated conditional mutagenesis to generate tissue specific expression of
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Mesh1tm1dEUCOMMHmgu - abbreviated as Meshl- (Figure 13a). In this project, we back cross
the chimera mice carried Mesh1* to C57BL/6 mice for five generations for phenotypic

studies.

3.2.9 Isoprotenerol challenge in mice to profile cardiac function

The animal in this study were handled according to Duke IACUC approved
protocol (A223-15-08). Genetically engineered 8- to 12-wk-old Mesh1 knockout mice and
wild type littermate in C57/B6 and 12951/Svlm] hybrid mice were used in this study. The
procedure was conducted by Lan Mao in Dr. Rockman lab. Mice were anesthetized with
a mixture of ketamine (100mg/kg) and xylazine (2.5mg/kg), than placed in the supine
position on a heated operation board and a midline cervical incision was made to expose
the trachea for endotracheal intubation and connected to a rodent ventilator. In vivo
pressure-volume (P-V) analysis was performed as previously described (58, 59). Briefly,
after bilateral vagotomy, the heart was exposed and a 1.4-Fr pressure-conductance
catheter (Millar Instrument) was inserted into the right carotid artery and advanced
retrograde into the left ventricle to record hemodynamics. A polyethylene-50 catheter
was inserted into the right external jugular vein for isoprotenerol (ISO) infusion. Steady-
state pressure and volume measurements were recorded at baseline and after 3-min Iso
infusion (20pg*g*!'min?). Pressure and volume measurements were recorded during the

increase of the afterload, which is generated by transiently constrict the aorta by suture.
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Parallel conductance (Vp) was determined by 10uL injection of 15% saline into the right

jugular vein and was used to correct the P-V loop data.

3.3.10 Uropathogenic E.coli (UPEC) infection challenge

For bacterial infection assay in MEF (mouse embryonic fibroblast) cells, MEF
cells were collected in our lab from female mouse pregnant for 14 days as previously
described(60). Within two passages of expansion, 40,000 MEF cells were seeded into 12-
well plates for one day and send to Abraham lab for following assays. The cells were
infected with uropathogenic E.coli (UPEC) for one hour, and then the extracellular
bacteria were killed with 100pg/mL gentamicin. This point was counted as time zero (0
h.p.i.), and following time points were collected from independent wells of cells. The
bacteria load were quantified as C.F.U. (Colony-Forming Unit) as previously
described(61).

For bacterial infection assay in vivo, UPEC were transurethrally inoculated into
the bladder for one hour. Then gentamicin was inoculated to kill the un-invaded
bacteria. The infected mice were kept overnight and then euthanized; the bladder were

weight and homogenized to quantify the bacterial load.

3.3 Phenotypes of MESH1-depleted cells
3.3.1 Transcriptional response

Our transcriptome analysis using two independent siRNAs directed at MESH1

revealed that MESHI1-silencing triggered extensive transcriptional responses in RCC4

47



cells. Gene Ontology (GO) analysis of differentially expressed genes showed that
MESH]1-silencing repressed pathways relevant to cell cycle progression and DNA
replication, such as the E2F1 (E2F transcription factor 1) and RRM2 (Ribonucleotide
Reductase Regulatory Subunit M2) genes (Figure 9 a-c), with a striking similarity to
those observed in the bacterial stringent response(23, 45) and in Meshl deficient
Drosophila(4). The repression of DNA replication and cell cycle genes was further
confirmed by GSEA (Gene Set Enrichment Analysis) analysis of GO and KEGG (Table 1,
Table 2). In addition, MESH1-silencing was also associated with the depletion of gene
sets in sugar metabolism/catabolism and ribosome and mitochondrial translation (Table
1, Table 2). Importantly, the transcriptional changes of a subset of the genes affected by
MESH]1 depletion, such as ATF3 (Activating transcription factor 3), SERPINE1 (Serpin
Family E Member 1), and VEGFA (Vascular Endothelial Growth Factor A), can be
reversed by co-depletion of NADK, implicating a regulatory role of NADPH in
mediating their transcriptional responses (Figure 9 d-f).

Interestingly, MESH1I-silencing induced the expression of ATF4 (Activating
transcription factor 4, also known as cAMP-responsive element binding protein 2)
(Figure 10a)—a key regulator of the integrated stress response—and its target genes,
such as ATF3 (Figure 10b) and CTH (Cystathionine gamma-lyase, Figure 10c)(62),
supporting the notion that MESH1-silencing also triggered the mammalian integrated

stress response. However, ATF4-silencing did not alter the ferroptosis survival

48



phenotype of MESHI1-silenced cells (Figure 10d). Furthermore, while ATF4-silencing
abolished the induction of ATF3 and CTH (Figure 10b, c), it did not affect the
transcriptional profile of other MESHI-silenceing responsive genes such as TPMI
(Tropomyosin 1) and PPIR12A (Protein Phosphatase 1 Regulatory Subunit 12A) (Figure
10e, f). In general, only 31% (294 out of 980genes) of the MESH1-silencing signature was
affected by simultaneous ATF4 silencing (Figure 10g), suggesting that the MESHI-
silencing-induced cell survival under lipid peroxidative stress has a distinct
transcriptional profile and regulatory mechanism that functions independently of the
integrated stress survival pathway.

To further investigate whether the transcriptional response induced by MESH1
silencing is functionally relevant in the context of ferroptosis survival, we examined the
level of CHAC1 (ChaC Glutathione Specific Gamma-Glutamylcyclotransferase 1), a
prominent biomarker essential for ferroptosis(28, 30) (Figure 10h). Although CHACI
was reported to be an ATF4-response gene(63), its upregulation during ferroptosis-
inducing erastin treatment was largely abolished by MESH1 silencing (Figure 10h). As
CHAC1 degrades glutathione(63), the mitigation of the erastin-triggered CHACI1
induction by MESH1 silencing reflects a distinct transcriptional response that may

contribute to the ferroptosis protection phenotype.
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Figure 9 MESH1 silencing induces a distinct pattern of transcriptional response.

a, Top 10 repressed Gene Ontology processes of the transcriptome of MESH1-silenced
RCC4 cells. MESH1 was silenced by siMESH1-CDS or siMESH1-3'UTR and profiled by
RNA-seq. b-c, mRNA abundance of E2F1 and RRM?2 validated by rt-qPCR. d-f, mRNA
abundance of VEGFA, SERPINE1, and ATF3 tested by rt-qPCR. NADK-silencing
reversed the inhibition of VEGFA by MESH]1 silencing (d), but inhibited the induction of
SERPINE1 and ATF3 by MESH1 silencing (e,f) mRNA abundance was normalized by f3-
actin, and presented in fold change (244<T) (b-f).
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Table 1 Top 10 significant Gene Sets of KEGG using Gene Set Enrichment

Analysis for MESH1 silencing cells.

NAME (Depleted Gene Sets)* p-val g-val
BASE_EXCISION_REPAIR 0 0.023
DNA_REPLICATION 0.001 0.112
RIG_I_LIKE_RECEPTOR_SIGNALING_PATHWAY 0.005 0.123
CELL_CYCLE 0.001 0.150
BLADDER_CANCER 0.023 0.356
VEGF_SIGNALING_PATHWAY 0.025 0.325
OXIDATIVE_PHOSPHORYLATION 0.012 0.345
HUNTINGTONS_DISEASE 0.008 0.326
FRUCTOSE_AND_MANNOSE_METABOLISM 0.045 0.343
GLYCEROPHOSPHOLIPID_METABOLISM 0.041 0.378

*Note: No KEGG Gene Sets are enriched in MESHL1 silencing cells.
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Table 2 Top 10 significant Gene Sets of Gene Ontology using Gene Set

Enrichment Analysis for MESH1 silencing cells.

NAME (Enriched Gene Sets) p-val g-val

CILIUM_MOVEMENT 0
CILIUM_MORPHOGENESIS 0 0.087
MOTILE_CILIUM 0 0.060
NEGATIVE_REGULATION_OF_EPITHELIAL_CELL_PROLIFERATION 0 0.069

0

0

0

CILIARY_PLASM 0.068
CILIUM_ORGANIZATION 0.084
CELL_PROJECTION_ASSEMBLY 0.200
MICROTUBULE_BUNDLE_FORMATION 0.009 0.178
SPERM_FLAGELLUM 0 0.161
UBIQUITIN_LIKE_PROTEIN_CONJUGATING_ENZYME_BINDING 0.012 0.153
NAME (Depleted Gene Sets) p-val g-val
TRANSLATIONAL_TERMINATION 0 0.021
MITOCHONDRIAL_TRANSLATION 0 0.048
DNA_REPLICATION_INITIATION 0.002 0.362
CELLULAR_PROTEIN_COMPLEX_DISASSEMBLY 0 0.374
HEXOSE_CATABOLIC_PROCESS 0.002 0.531
ORGANELLAR_RIBOSOME 0.001 0.569
NUCLEAR_UBIQUITIN_LIGASE_COMPLEX 0.003 0.498
MONOSACCHARIDE_CATABOLIC_PROCESS 0.003 0.596
INTERMEDIATE_FILAMENT 0 0.538
BASE_EXCISION_REPAIR 0.005 0.501
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Figure 10 MESH1 silencing induces a transcriptional response that is partially ATF4
mediated.

a. Upregulation of ATF4 protein in MESHI-silenced RCC4 cells. ATF4-silencing
abolished the induction of ATF4-mediated genes ATF3 (b) and CTH (c) by MESHI-
silencing, but it did not affect the ferroptosis resistance phenotype (d) or the repression
of non-ATF4-mediated genes TPM1 (e) and PPP1R12A (f) in MESH1-silenced RCC4 cells.
Gene expression is determined by rt-qPCR. g. The transcriptional signature of MESH1
silenced cells shows a distinct pattern from that of the ATF4-mediated integrated stress
response. Transcriptional changes were calculated from the expression profiling of
MESHT1-silenced, ATF4-silenced, MESH1-ATF4-silenced, and control (siNT) RCC4 cells
using cDNA microarrays. h, CHACI induction upon erastin treatment is inhibited by
MESH1 silencing, determined by rt-qPCR. Black dots represent siNT samples, and blue
dots represent siMESH1 samples. Error bars indicate s.d. (n=3 for each condition).
Statistical analysis: (b-c, e-f, h) two-way ANOVA with Tukey-HSD post-hoc, (d) one-
way ANOVA with Tukey-HSD post-hoc, **P<0.01, **P<0.005, N.S., not significant. (g)
Transcriptional signature of MESHI1 silencing (siMESHI1 signature) is defined as
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differential gene expression with fold change > 1.41 with t-test P<0.05. ATF4-mediated
genes are defined as having a siMESH1 signature that are reversed upon simultaneous
ATF4-silencing with fold change > 1.41 and t-test P<0.05 compared to MESHI1-silencing
toward the direction of siNT samples. Note that genes affected by siATF4 alone are
identified as off-target effect (due to low expression level of ATF4 in unstressed RCC4
cells) and are excluded from the analysis.
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3.3.2 dNTP depletion in MESH1 silencing cells

As two subunits of ribonucleotide reductase RRM1 (data not shown) and RRM2
(Figure 9b) are both depleted in MESHI-silencing cells, we predict that dNTPs, the
product of ribonucleotide reductase, will also be depleted in MESH1 silenced cells.
Indeed, in MESH1-silenced RCC4 cells, all four dNTP are depleted (Figure 11la).
Interestingly, when we applied siMESH1 in cells stably overexpressed MESH1, dNTP
level still dropped significantly in both siMESH1-CDS and siMESH1-3'UTR-2, but the
level of reduction is less prominent, especially in siMESH1-3'UTR-2 samples (Figure
11b). Notably, overexpression of MESH1 doesn’t lead to an increase in the dNTP level
(Figure 11c); in fact, there is a drop of baseline dGTP and dTTP in MESH1 overexpressed
cells (Figure 11c). Overall, the overexpression of MESHI1 only partially rescued the
dNTP depletion of MESHI silenced cells, indicates other potential regulation
mechanism. We further examined the gene expression level of RRM2 in RCC4 cells with
either empty vector, MESH1-WT or MESH1-E65A stably overexpression, and we found
that paradoxically both MESH1 silencing and MESH1 overexpression inhibit RRM?2
expression; moreover, both WT and E65A mutant of MESHI1 inhibit RRM2 expression
(Figure 11d), indicates the regulation of RRM2 expression is independent from the

enzymatic activity.
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Figure 11 ANTP regulation in MESH1 silencing and overexpression cells.

a-b, Normalized dNTP level of (a) RCC4 cells with empty vector silenced by siMESH1s,
(b) RCC4 cells with MESH1 overexpression silenced by siMESHIs. ¢, dNTP level of
RCC4 cells with endogenous MESH1 (EV) or MESH1-WT overexpression (WT). d,
RRM2 mRNA level is determined by cDNA microarray.
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3.3.3 Inhibition of cell growth

In agreement of transcriptional change, we found a prominent cell growth
inhibition in MESHI1-silenced cells in both cell culture system (Figure 12a) and in vivo
tumor growth using xenograft (Figure 12b). MESH1 silencing also inhibits clonogenic
growth of RCC4 cells (Figure 12c). Importantly, the cell growth inhibition is reversible
upon restoration of MESHI1 level by doxycycline withdrawal (Figure 12d). This
phenotype is reminiscent to growth inhibition in bacterial stringent response upon
ppGpp accumulation(45), indicates an evolutionary conserved functional role of MESH1

in mammalian cells.
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Figure 12 Reversible cell growth inhibition in MESH1-silenced cells.

MESH1 was silenced using doxycycline-inducible shRNA lentivirus in this figure. a,
normalized cell count of RCC4 cells. b, tumor volume measured by digital caliber (left)
and tumor weight (right) of xenograft H1975 cells ¢, clonogenic assay of RCC4 cells. d,
estimated cell division times were measured by cell count of RCC4 cells; doxycycline

were withdrawn on day 4 and the protein level of MESH1 was restored upon Day 13,
accessed by Western blot.
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3.4 Phenotypes of Meshl1 knockout mice

3.4.1 Validation of knockout

We used PCR primers targeting Exon 1 and the inserted cassette to genotype
Mesh1- allele, and used PCR primers targeting Exon 1 and 2 to genotype Meshl* allele.
An example of genotyping result is shown in Figure 13b. The heterozygous mice
(Mesh1+<) were picked and then back crossed to C57BL/6] mice. After three generations,
we breed Mesh1*+, Mesh1*2, and Mesh1¥ for Western blot validation of protein extraction.
Homogenate lysates from kidney, brain and heart were tested and the result is shown in
Figure 13c, which there are less MESH1 expression in Mesh1*2 mouse, and no detectable
MESH]1 in Mesh1¥* mouse. beta-gal staining were performed on embryos of Mesh1**and
Mesh1+2 embryos to validate the expression of lacZ reporter driven by Mesh1 promoter,
which we found the staining is only visible on the amniotic membrane of Meshl*?
embryo (data not shown), indicating low MESH1 expression in most tissue during

embryonic stage.
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Figure 13 Mesh1 knock out alleles and validation of knock out

a, different Mesh1 alleles: Mesh1® as knock-out first allele; Mesh1/ as wild type allele with
conditional knock-out potential, and Mesh1- as complete knock out. b, PCR genotyping
result of Meshl wild type and heterozygous mouse. ¢, Western blot validation of
MESH]1 expression status in mice with different Mesh1 status in kidney, heart and brain.
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3.4.2 General phenotypes

After three generations of backcross to BL6 background, the Mesh1¥2 mice and
their wild type and heterozygous litter mates were kept for more than two years for
general phenotypes observations. The genotypes of pups from Meshl"* x Meshl*?
followed the ratio of 1:2:1 (Mesh1**:Mesh1*=:Mesh1¥?), which indicates no embryonic
lethality of Mesh1 homozygous knockout mice. No obvious differences of body size or
body weight were observed between litter mates (data not shown). Several common
defects seen in wild type BL6 mice, such as microphthalmia, ocular infection, and anal
prolapse, were reported when the mice were close to two year olds, and these mice were
sacrificed for humane reasons. Necropsy were performed on one male and one female
knockout mice and compared to their wild type litter mates at the age of two (Figure 14).
Interestingly, a hemorrhagic mass was found in the area of prostate in the Meshl
knockout male mouse, and a paraovarian cyst was found in the Mesh1 knockout female
mouse. These lesions were not found in their wild type littermates. Whether these
lesions were correlated with the genetic knockout or coincidental findings related to

aging still require further investigation.
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Male KO Mouse Female KO Mouse

Figure 14 Abnormal findings in Mesh1 homozygous knockout mice

Left panel, an abnormal cystic hemorrhagic mass were found in the area of prostate
(arrow) in Mesh1 knockout male mouse. Right panel, a paraovarian cyst were found in
Mesh1 knockout female mouse.
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3.4.3 Response to isoproterenol challenge

In this experiment, 4 female wild type mice, 4 female knockout mice, 1 male wild
type mouse and 1 male knockout mouse in age 20 wks were tested for their cardiac
function using in vivo pressure-volume (P-V) analysis upon different dosage of
isoproterenol challenge. Isoproterenol is a beta agonist that is known to increase heart
rate and cardiac output. However, in this experiment, the dp/dtmax of left ventricle (a
commonly used index of ventricular systolic function) and heart rate only increased
until the maximum dosage of isoproterenol (Figure 15¢-f), indicating a poor response in
this batch of experiment in general. In addition to the heart rate and dp/dtma, we also
measured LVP (Left ventricle pressure), EDP (End-diastolic pressure), and dp/dtmin. The
only difference was seen between male wild type and knock out mice for EDP (Figure
15a) but not in female (Figure 15b). There is no obvious difference in other parameters
we measured. In consideration the poor response to isoproterenol in all the mice we
tested and small n (n=1) for male mice, it is unclear whether the difference of EDP
between wild type and knockout male mice is significant. Further testing with larger
numbers will be needed to determine the significance and physiological relevance of this

finding.
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Figure 15 Parameters of Pressure-volume loop analysis of Mesh1 knockout mice

End Diastolic Pressure (EDP) of left ventricle of a, male or b, female mice; dp/dtmax of ¢,
male or d, female mice; heart rate (HR) of e, male or f, female mice. ISO50, isoproterenol
50pg; ISO500, isoproterenol 500pg; ISO1000, isoproterenol 1000pg, ISO5000,
isoproterenol 5000pg.
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3.4.4 Response to E.coli Urinary tract infection

In this experiment, we first tested whether there is a difference of clearance of
intracellular UPEC infection of MEF cells between different genotypes. We found that
the MEF cells with heterozygous Mesh1 have the best UPEC clearance, especially in 18
hours post infection (Figure 16a, b), which there were less intracellular UPEC remained
in the heterozygous MEF cells. To test whether the heterozygous mice actually have
better UPEC clearance in vivo, we challenge 3 wild type and 3 heterozygous Meshl
female mice at the age of 8 weeks for UPEC infection (Figure 16¢). The result suggests a
lower CFU in the heterozygous Meshl mice, but not statistically significant. Therefore,
the inconclusive results may need further testing with increased animal numbers will be

required to determine the significance of this finding.
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Figure 16. Uropathogenic E.coli infection in MEF cells and mouse bladder.

a-b, The remained intracellular Uropathogenic E.coli (UPEC) is measured in 18 and 40
hour post infection (Hrpi) in two batches of independent MEF cells with different
genotypes. ¢, UPEC infection is measured in urinary bladder of Mesh1 wild type and
heterozygous knockout mice.
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4. Discussion

In this dissertation, I described the discovery of the novel enzymatic activity of
human MESH1 as a NADPH phosphatase and its physiological relevance as a regulator
of ferroptosis survival. In addition, I also described the cellular and organism
phenotypes of MESH1 depletion in human cell line models and mouse model. Here, I
discuss the physiological relevance of MESH1 as a NADPH phosphatase at section 4.1.
In section 4.2, I discuss the potential therapeutic implications of MESH1 inhibition based
on the cellular phenotypic findings in Chapter 3. In section 4.3, I discuss the future
directions to study MESH1 phenotypes at organism level using animal models. I end

this chapter with final conclusion in Section 4.4.

4.1 Physiological relevance of MESH1 as a NADPH phosphatase
4.1.1 MESHL1 as the only known NADPH phosphatase

NADPH phosphatase has been identified in plants(64, 65), bacteria(66) and
archaea(67). In animals, such activity was found in rat liver Golgi apparatus and
mitochondria, predominantly against NADP+(35, 68), but the identity of the enzyme has
never been revealed. Thus, to our knowledge, human MESH1 is the first NADPH
phosphatase identified in mammalian cells. In chapter 2, we provided compelling
evidence that human MESHI is a bona fide NADPH phosphatase in vivo. However, it is
important to note that even with good silencing efficiency by RNAi, we can’t eliminate
all NADPH phosphatase activity in human cell line models by silencing MESH1 alone
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(Figure 3 a, b). In fact, we also tried CRISPR-Cas9 approach to knockout both alleles of
human MESHI and tested the remaining cellular NADPH phosphatase activity, but
some remaining activities can still be observed (data not shown).

One potential explanation of this data is that there might be nonspecific
phosphatase activities from other enzymes that contribute to the NADPH phosphatase
activity of this assay. One potential contributors is the Nudix hydrolase superfamily,
which is capable to cleave (p)ppGpp in bacteria(69) and plants(70). It is known to cleave
a wide range of organic pyrophosphates, and one of the member AtNUDX19 in
Arabidopsis thaliana is a known NADPH-recycling enzyme(71), but the activity against 2'-
phosphate group of NADPH has not been reported.

As NADPH is compartmentalized, it won’t be surprised that there might be
another NADPH phosphatase in mitochondria or other organelle. We tested human
RCC4 cells and HEK-293T cells by fractionating cytosol, nucleus and mitochondria and
tested their individual NADPH phosphatase activity. Although the distributions of
NADPH phosphatase activity among organelles are different between these two cell line
models, we did not identify a strong NADPH phosphatase activity in mitochondria
(data not shown). Therefore, we did not find a strong evidence to indicate the

mitochondria counterpart of MESH1.
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4.1.2 The regulation of MESH1 expression

We observed an upregulation of MESHI1 in many stresses (Figure 4) at both RNA
and protein level. This indicates that transcriptional regulation might be the major route
of MESHI1 expression control in human cells. In this study, we manipulated the MESH1
expression by RNAi, but we have not covered how MESH]1 itself is regulated under
these stressors. One possibility is to look at the regulatory elements near the regulatory
regions of MESH1. In human genome, MESH1 allele is located on chromosome 15 and is
very close to UNC45A (Unc-45 Myosin Chaperone A). These two genes shared several
regulatory elements, including several promoter/enhancer regions. Numerous of
transcription factors are predicted to be able to bind to these regions, a few examples
were summarized in Table 3. These are information from a collection of databases from
the Encyclopedia of DNA elements (ENCODE), the Ensembl regulatory build, the
functional annotation of the mammalian genome (FANTOM) project and the VISTA
Enhancer Browser by GeneHancer(72). Further experimental validation is required to

elucidate the molecular mechanism of MESH1 regulation.
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Table 3 Predicted regulatory elements of MESH1 by GeneHancer

GeneHancer type GH score  TSS distance Examples of TF binding
identifier (kb) sites

GH15]J090928 promoter/enhancer 2.3 +4.6 E2F1, MYC, ETV4
GH15]J090934 promoter/enhancer 2 -0.2 HDGF, MYC, E2F1
GH15J090933 enhancer 0.5 +1.8 HMBOX1, EBF1
GH15]J090835 promoter/enhancer 2.2 +95.9 HDGEF, ATF4, HDACI,
GH15J090829 enhancer 14 +104.6 HDGEF, EBF1, CEBPB
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4.1.3 Potential MESH1 phenotypes that links to NADPH regulation

NADPH is an important coenzyme for many biochemical pathways(32). In
chapter 2, we focus on how MESH1 influence the reduction of GSH from GSSG by
regulating NADPH level during ferroptosis, and how this reduction influences the
survival during ferroptosis. In addition to GSH regeneration, NADPH is also known to
provide reducing power to thioredoxin system that is also able to scavenge reactive
oxygen species and thus maintaining redox homeostasis(73). NADPH is also an
important coenzyme to generate oxidative burst by NADPH oxidase enzyme such as
NOX1 in phagocytes in animals. As this is an important mechanism to eliminate
pathogens, it might be valuable to test whether the MESH1 knockout animals might
have a stronger immunity against catalase positive microbes such as S. aureus.

Moreover, NADPH is also involved in the reductive biosynthesis such as fatty
acid synthesis. Fatty acid synthetase (FAS) utilizes acetyl-CoA to synthesize fatty acid
while consuming NADPH as a reducing agent. As a result, we predicted that MESH1
silenced cells might have an increase of fatty acid synthesis. We indeed observed an
accumulation of fatty acids metabolites, including multiple polyunsaturated fatty acids
(PUFA) and long chain fatty acids in the MESH1-silenced RCC4 cells (data not shown).
The enrichment analysis of metabolites also shown an enrichment of fatty acid

metabolism (p<0.05, Enrichment score = 1.5). In ZK903.3 (ortholog of human MESHI in C.
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elegans) silenced worm, it is also reported to have increased fatty acid content in body
composition(46), which is compatible with our finding.

Although NADPH itself is never reported as a signaling molecule that regulates
transcription, we found a subset of gene expression that is altered by MESH1 silencing
and can be reversed while co-silencing with NADK (Figure 9d-f), which is upstream of
NADP+ synthesis and thus block NADPH preservation by MESH1 silencing. One
potential mechanism is through regulation of NAD+ as a non-canonical initiating
nucleotide(74, 75). This is a non-traditional RNA 5'-cap that could regulate transcription
initiation by RNA polymerase (RNAP) and RNA stability that was first discovered in
bacteria but also recently reported in yeast(76) and human cells(77). Whether these
“NADPH-regulated genes” or their upstream regulators are directly capped by NAD+

could be further validated in the future using techniques such as NAD CaptureSeq(78).

4.2 Potential therapeutic implications of MESH1inhibition
4.2.1 Inhibition of tumor growth

As shown in Figure 12, silencing MESH1 leads to an inhibition of cell growth for
tumor cells in both cell culture model and xenograft model. Using CRISPR-Cas9
approach, we also observed a slower cell growth in tumor cells with both MESH]1 alleles
being knockout (data not shown). Despite such a strong growth inhibition, MESH1
deletion is not lethal in animal models, including C. elegans(47), Drosophila(4), and mouse

models by ourselves and others(51). No major abnormality or body size difference was
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observed in normal growth condition in these animal models. Thus, it is possible that
the growth inhibition phenotypes might be specific in malignant tumor cells, including
VHL-deficient renal cell clear cell carcinoma and lung adenocarcinoma, which are the
models we tested. This implicates that inhibiting MESH1 by genetic or chemical means
could a feasible strategy to stop tumor growth in vivo. This possibility will be further

explored in future.

4.2.2 Resistance to ferroptosis stress or oxidative stress

As shown in Figure 6, the protective effect of MESH1 silencing against
ferroptosis is validated in many cell types. Ferroptosis is a form of cell death that is seen
in some pathological settings such as cell death during acute renal injury(79). Thus,
inhibition of MESH1 could potentially reduce the cell death in these pathological
conditions. Moreover, as a regulator of NADPH, MESHI silencing could have potential
therapeutic application in other disease settings associated with oxidative stress such as
hypoxic injury or ischemic-reperfusion injury of the brain(80).

A couple of (p)ppGpp analogues have been developed to inhibit bacterial
stringent response(81-83). However, its efficacy against human MESH1 is unknown. We
also tested a few compound based on prediction of molecular docking in silico against
human MESHI, but the IC50 are all in a range of mM level. Further screening is required

to develop an efficient MESH1 inhibitor.
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4.3 Future direction of phenotypic studies of MESH1 knockout
mice

4.3.1 Potential consideration to study phenotypes in C57BL/6J
background

We generated our Mesh1 knockout mice in a hybrid background and have been
back crossed to the C57BL/6] strain, which is one of the most commonly used mouse
strain in the field. However, it is important to notice that C57BL/6] strain has a deletion
of exons 7-11 of the Nnt gene(84), which leads to non-formation of the Nicotinamide
nucleotide transhydrogenase (NNT) protein. NNT is a mitochondrial protein that
convert NADH and NADP+ to NADPH and NAD+, thus overall promotes the reduction
of NADP+ to NADPH. Lacking of NNT lead to several phenotypic consequences in
C57BL/6] strain, such as difference in response to hypoxic-ischemic brain injury(85),
hypertension development(86), and exacerbation of atherosclerosis(87). Although
MESH]1 is a cytosolic protein that regulates cytosolic NADPH, it is possible that the loss
of Nnt gene in mitochondria could interfere the NADPH metabolism in general and
influence the phenotypic read out of Meshl knockout mice. Thus, it is important to
perform the phenotypic studies only by comparing the mice with similar genetic
background (C57BL/6]), ideally their littermates. Alternatively, the MESH1 deficient
phenotypes should be analyzed in other mouse strains to avoid this potential

confounding factor.
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4.3.2 Innate immune response against intracellular microbes

In our transcription analysis, we identified a few genes that are related to innate
immune response are upregulated in MESH1-silencing human cells (data not shown),
including GBP1 (Guanylate Binding Protein 1) and several other interferon inducible
genes. This could be one of the mechanisms of better intracellular UPEC clearance of
heterozygous Mesh1l MEF cells (Figure 16), although the gene expression profiles of
these MEF cells need to be further validated. Another possibility is that mammalian
MESH1 could potentially regulate (p)ppGpp of the intracellular pathogens, thus
influence the virulence and host-pathogen interaction. This can be validated by
comparing the (p)ppGpp level of bacterial pathogens in host cells with different Mesh1
status. Similar idea can also be tested in other intracellular pathogens which stringent
response plays an important role in pathogenesis, such as mycobacterium(88). In
summary, the potential different responses to intracellular pathogens need to be further

validated with different models and larger number of animals.

4.3.3 Response under metabolic stresses

As reported in Drosophila, Mesh1 knockout larvae are smaller and have slower
cell proliferation during starvation(4). Thus, it is possible that the Meshl knockout
phenotype will only be prominent under specific diet or under starvation. A possible

experiment could be done using metabolic cages that record physiological parameters of

75



the mice during normal feeding condition and compare to a short-term starvation
condition.

As MESH]1 is a NADPH phosphatase, it is possible that Mesh1 deficient mice may
have a better preservation of NADPH during oxidative stress condition such as
ischemic-reperfusion injury. We tested protein lysates of the heart from animals with
LAD (left anterior descending artery) ligated and released as a model of ischemic-
reperfusion injury of the heart, and we found that MESH1 is significantly upregulated
after the injury (data not shown). Thus, with different status of Meshl, the extent of
injury and the resulting cardiac function could be different in these mice and could be a

measurable phenotype.

5. Conclusion

In summary, this dissertation described the identification of human MESHI as a
novel cytosolic NADPH phosphatase. By silencing MESH1, cells could better preserve
NADPH, increase the pool of reduced glutathione, and thus better survive from
ferroptosis. In addition to ferroptosis survival phenotype, MESH1 silencing also induces
a transcriptional response that is partially mediated by ATF4 with functional similarity
as bacterial stringent response, lead to dNTP depletion by transcriptional inhibition of
RRM1 and RRM2, and lead to a reversible cell growth inhibition in tumors. To further
study the physiological relevance of MESH1, we establish a Mesh1 knockout mouse

model. There is no major growth defect or body size difference among Mesh1 wild type
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and knockout mice, and other phenotypes such as response to intracellular pathogens,
isoproterenol challenge of cardiac function and starvation response requires further
investigation. There are several questions unanswered, including other potential

substrates of MESH1 and their physiological function, which requires future studies.
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Appendix A: RNAI used in this study

Name Target Sequence Company  Catalog #
siNT (non- Qiagen S103650318
targeting)
siMESH1-CDS GGGAAUCACUGACAUUGUG  Dharmacon D-031786-01
siMESH1-3’'UTR | CTGAAGGTCTCCTGCTAACTA  Qiagen 5104167002
siMESH1-02 GACAAGCUGUACAAUCUGA Dharmacon D-031786-02
siMESH1-10 GGACAGGAUUCAUACGCCA Dharmacon J-031786-10
siMESH1-12 CCCAGAUAUUAGAGGCCAA Dharmacon J-031786-12
siMESH1-3'UTR- | CCGGACAGGATTCATACGCCA Qiagen 5100642173
2
siNADK UGAAUGAGGUGGUGAUUGA  Dharmacon M-006318-01

CGCCAGCGAUGAAAGCUUU

GAAGACGGCGUGCACAAU

CCAAUCAGAUAGACUUCAU
siNADK2 GCAAUUGCUUCGAUGAUGA  Dharmacon M-006319-01

GAGAAUUGGUAGAGAAAGU

UGUGAAAGCUGGACGGAUA

UUUGAUUACUGGCGAGAAU
siATF4 GAUCAUUCCUUUAGUUUAG  Dharmacon M-005125-02

CAUGAUCCCUCAGUGCAUA

GUUUAGAGCUGGGCAGUGA

CUAGGUACCGCCAGAAGAA

Clone ID

Tet-shMESH1-16 | TGAGGTGGAGCTACACTTTGG TRCNO0000243216
Tet-shMESH1-17 | TGGTGGAGGAGGTAACAGATG TRCN0000243217
Tet-shMESH1-18 | TCCATCCTTCCCAGATATTAG TRCN0000243218

78



Appendix B: primers used in this study

Name

Sequence

Purpose

MESH1-E65A-F
MESHI1-E65A-R
MESH1-D66A-F
MESH1-D66A-R
MESH1-R24A-F
MESH1-R24A-R

ccatgacacggtggcggacacagacacca
tggtgtctgtgtccgecaccgtgteatgg
ggtgototctgtggcctecaccgtgte
gacacggtggaggccacagacaccacc
tcggggtecttcgeccgetgetgecg
cggceagcageggecgaaggaccccga

Site-directed mutagenesis
for human MESH1

mMESH1-D66N-F

cagggtagtatctgtgttttctactgtgtcatggage

Site-directed mutagenesis

mMESH1-D66N-R | gctccatgacacagtagaaaacacagatactaccctg  for mouse MESH1
51211BetaActinF GGGGTGTTGAAGGTCTCAAA Courtesy of G.LaMonte
51211BetaActinR GGCATCCTCACCCTGAAGTA

MESHI1-rt-1F GAGGCGGGAATCACTGACAT Target CDS of MESH1
MESHI1-rt-1R TTGTGCCCCAAAGTGTAGCT

MESHI1-rt-5F CTCCCTCCATCCTTCCCAGA Target 3'UTR of MESH1
MESH1-rt-5R ACATCTGATTCCCACCACGC

RRM2-rt-1F TGGGGACAAAGAGGCTACCT

RRM2-rt-1R CCAGGCATCAGTCCTCGTTT

CDKI1-rt-1F CAGGTCAAGTGGTAGCCATGA

CDK1-rt-1R ACCTGGAATCCTGCATAAGC

NADK-rt-1F CACAATGGGCTGGGTGAGAA

NADK-rt-1R TTGGACAGGTAGGAGGAGGG

NADK2-rt-1F GCTCTACAGTCCGGAAGAACC

NADK2-rt-1R GCATCCCAACAACGAGAACG

ATEF3-rt-1F GTCCATCACAAAAGCCGAGG

ATF3-rt-1R GGCACTCCGTCTTCTCCTTC

VEGFA-1t-1F CTTGCCTTGCTGCTCTACCT

VEGFA-rt-1R AGCTGCGCTGATAGACATCC

CTH-rt-1F CTCACTGTCCACCACGTITCA

CTH-rt-1R GCCACTGCTTTTTCAAGGCA

PPP1R12A-rt-1F ACCACTACATGCAGCAGCIT

PPPI1R12A-rt-1R GCCTCCTCCTCCGCAATATC

mMESH1-rt-1F CTCACAAACACCGACAGCAG Mouse genotyping
mMESH1-rt-1R GCCTCATGGGTTAGGATCCG

LAR3 CACAACGGGTTCTTCTGTITAGTCC

mActb-rt-1F GGCTGTATTCCCCTCCATCG rt-qPCR for mouse cells
mActb-rt-1R CCAGTTGGTAACAATGCCATGT

mMESH1-rt-4F

CCGCTCACAAACACCGACA
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mMESHI1-rt-4R GCGGCCTGTAACACCACAA
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Appendix C: antibodies used in this study

Gene Protein size Company Catalog # Note
(kDa)
MESHI1 (HDDC3) 22 Abcam ab118325 Western Blot
MESH1 (HDDC3) 22 Western Blot
MESH1 (HDDC3) Sigma Immunohistochemistry
GAPDH 37 Santa Cruz sc-25778
B-tubulin 54 CST 2128
Citrate Synthetase 52 GeneTex GTX110624
Histone H3 17 CST 4499
ATF4 (CREB-2) 37 Santa Cruz sc-200
anti-mouse-IgG CST 7076 Western Blot secondary
HRP
Anti-rabbit-IgG CST 7074 Western Blot secondary
HRP
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