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Abstract

Formaldehyde (FA), a ubiquitous environmental pollutant, is classified as a Group | human
carcinogen by the International Agency for Research on Cancer. Previously, we reported that FA
induced hematotoxicity and chromosomal aneuploidy in exposed workers and toxicity in bone
marrow and hematopoietic stem cells of experimental animals. Using functional toxicogenomic
profiling in yeast, we identified genes and cellular processes modulating eukaryotic FA
cytotoxicity. Although we validated some of these findings in yeast, many specific genes,
pathways and mechanisms of action of FA in human cells are not known. In the current study, we
applied genome-wide, loss-of-function CRISPR screening to identify modulators of FA toxicity in
the human hematopoietic K562 cell line. We assessed the cellular genetic determinants of
susceptibility and resistance to FA at 40, 100 and 150 uM (IC10, 1C20 and IC60, respectively) at

"Corresponding Authors: luoping@berkeley.edu (Luoping Zhang), cvulpe@ufl.edu (Chris D. Vulpe).

Credit Author Statement

Yun Zhao: Methodology, Investigation, Formal analysis, Visualization, Writing-Original draft preparation.

Linging Wei: Formal analysis, Writing-Review & Editing

Abderrahmane Tagmount: Methodology, Investigation

Alex Loguinov: Formal analysis

Amin Sobh: Methodology

Alan Hubbard: Formal analysis

Cliona M. McHale: Writing-Review & Editing

Christopher J. Chang: Writing-Review & Editing

Chris D. Vulpe: Conceptualization, Methodology, Writing-Review & Editing, Supervision, Project administration, Funding acquisition
Luoping Zhang: Conceptualization, Methodology, Writing-Review & Editing, Supervision, Project administration, Funding
acquisition

Author Contributions

L.Z., C.D.V conceived the original project. Y.Z. led the project and designed and performed the majority of experiments. A.T. and
A.S. conducted CRISPR library construction experiments. L.W. and A.L. conducted the bioinformatic analysis. C.J.C. provided
expertise and feedback. Y.Z. drafted the manuscript with the guidance from C.M.C., C.D.V. and L.Z.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of Interests
The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al. Page 2

two time points, day 8 and day 20. We identified multiple candidate genes that increase sensitivity
(e.g. ADH5, ESD and FANC family) or resistance (e.g. FASNand KMDG6A) to FA when
disrupted. Pathway analysis revealed a major role for the FA metabolism and Fanconi anemia
pathway in FA tolerance, consistent with findings from previous studies. More network analyses
revealed potential new roles for one-carbon metabolism, fatty acid synthesis and mTOR signaling
in modulating FA toxicity. Validation of these novel findings will further enhance our
understanding of FA toxicity in human cells. Our findings support the utility of CRISPR-based
functional genomics screening of environmental chemicals.

Graphical Abstract

Known Mechanisms Confirmed

+ Formaldehyde Metabolism
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1. Introduction

Formaldehyde (FA), the simplest aldehyde and widely used industrial chemical is utilized in
construction, in the manufacture of furniture and textiles and in embalming fluid as a tissue
preservative (Duong et al., 2011; Zhang et al., 2010). Exposure to FA has been linked to a
range of adverse health effects (Tang et al., 2009). Moreover, FA is classified as a Group |
human carcinogen by International Agency for Research on Cancer (IARC) as it causes
nasopharyngeal cancer and is associated with myeloid leukemia (IARC 2012).

Previously, we reported that FA induced hematotoxicity and chromosomal aneuploidy in
exposed workers (Lan et al., 2015; Tang et al., 2009; Zhang et al., 2010), toxicity in bone
marrow and hematopoietic stem/progenitor cells (HSC/HPCs) of exposed mice (Wei et al.,
2017; Ye et al., 2013), and other toxic effects in human lymphoblastoid cell lines (Ren et al.,
2013). FA is a genotoxicant that predominantly induces DNA-protein crosslinks (DPC)
whose partial repair results in permanent DNA alterations (Wong et al., 2012; Quievryn and
Zhitkovich, 2000; Barker et al., 2005). Additionally, FA is a potent proteotoxic agent that
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may induce extensive protein damage such as accumulation of abnormal proteins and DNA
damage-independent cytotoxicity (Ortega-Atienza et al., 2016). Despite these, mechanistic
information is still limited; and, the molecular and cellular processes underlying the toxicity
induced by FA require additional research.

Functional toxicogenomic profiling, a powerful tool to study molecular and cellular toxicity
and genetic susceptibility, has been used to test FA in various models (McHale et al., 2014;
North and Vulpe, 2010). Using the chicken DT40 model (Yamazoe et al., 2004), deficiencies
in the Fanconi anemia/breast cancer-associated (FANC/BRCA) pathway and homologous
recombination (HR) were shown to induce hypersensitivity to FA (Ridpath et al., 2007). In
Saccharomyces cerevisiae, genome-wide functional screening revealed potential
mechanisms of FA sensitivity and tolerance (North et al., 2016). Furthermore, by studying
mutants of KBM7, a human chronic myeloid leukemia cell line with near-haploid haploid
DNA content, we identified several resistant genes that modulate susceptibility to FA (Shen
et al., 2016). While informative, these model systems and approaches do not fully
recapitulate the factors and processes mediating FA toxicity in diploid human cells.
Therefore, in the current study, we applied clustered regularly interspaced short palindromic
repeats (CRISPR) based screening approaches to identify potential mechanisms and
biological pathways involved in FA toxicity in the human K562 cell line.

CRISPR-associated protein 9 (Cas9), a powerful gene editing tool, has enabled genome-
wide screening in mammalian cells to uncover molecular modulators and mechanisms of
biological processes (Hsu et al., 2014; Kampmann, 2018; Shalem et al., 2014). CRISPR-
Cas9 loss-of function screening has been used to identify genes and pathways modulating
susceptibility to chemotherapeutics and biological toxins and some environmental toxicants
and chemicals (Sobh and Vulpe, 2019). Using genome-wide CRISPR screening, we recently
identified potential mechanisms of cellular toxicity induced by arsenic trioxide (Sobh et al.,
2019b) and acetaldehyde (Sobh et al., 2019a) in human leukemia K562 cells, while others
studied the arsenic-induced endoplasmic stress and apoptosis (Panganiban et al., 2019) and
the toxicity induced by triclosan (Xia et al., 2016), paraquat (Reczek et al., 2017), and
benzo[a]pyrene (Sundberg and Hankinson, 2019). In the current study, we performed a loss-
of-function genome-wide CRISPR screen in human K562 cells exposed to FA to identify
relevant genes and pathways that modulate FA cytotoxicity.

Materials and Methods

2.1 Cell cultures

Human HEK?293T (for lentivirus production) and K562 cells (for CRISPR screen) were
obtained from the Cell Culture Facility, Biosciences Divisional Services, University of
California, Berkeley. The HEK293T cells were cultured in Dulbecco’s Modified Eagles
Media (DMEM; Thermo Fisher Scientific, Waltham, MA) and the K562 cells were cultured
in RPMI 1640 media (Thermo Fisher Scientific, Waltham, MA). Both types of medium were
supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA)
and 1% penicillin-streptomycin. Cells were cultured in a humidified incubator with 5% CO»,
at 37°C.
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2.2 FA treatment and cytotoxicity assay

Two rounds of cell viability tests were conducted by measuring cellular ATP level using the
CellTiter-Glo luminescent cell viability assay kit (Promega, Madison, WI) according to the
manufacturer’s protocol. Briefly, human K562 cells were seeded into opaque 96-well cell
culture plates at a density of 1x10° cells/ml (10 cells/well). Cells were treated with 0-625
M FA (Thermo Fisher Scientific, Waltham, MA) (15t experiment) and 0150 pM FA (2nd
experiment), respectively, for 72 h (Figure 1A, 1B). At the end of treatment, the cells in each
well were mixed with same amount (100 ul) of CellTiter-Glo reagent and the cell plate was
incubated in the dark at room temperature. After 10 min incubation, luminescent signals
were read on a Synergy H1 microplate reader (BioTek Instruments, Winooski, VT). During
the CRISPR screen, different doses of FA at IC10 (40 uM), 1C20 (100 uM) and IC60 (150
uUM) were used to treat human K562 cells continuously for 20 days. Cells in each flask were
passaged every 2 days and fresh FA was added along with the new medium. On days 8 and
day 20, an aliquot of cells (30x10° cells) was collected from each replicate of each treatment
and kept at —80 °C for future sequencing. Generally, in CRISPR-based functional
toxicogenomic screening, high doses (e.g. >1C50) over relatively long exposure periods are
more effective for the selection of resistant clones, whereas low doses (e.g. 1C10) for shorter
exposure periods are more effective for selective of sensitive clones (Sobh and Vulpe, 2019;
Xia et al., 2016).

2.3 CRISPR library

The human genome-wide CRISPR knockout pooled library (Brunello, cloned in
LentiCRISPRv2 backbone) was obtained from Addgene. The Brunello library consists of
76441 single guide RNAs (sgRNAs) targeting 19114 genes with an average of 4 sgRNAS per
gene and 1000 non-targeting control sgRNAs (Sanson et al., 2018). The library was
amplified following a previously published protocol (Shalem et al., 2014). After the library
amplification, lentiviruses were produced in HEK293T cells by co-transfection of Brunello
library plasmids together with packaging plasmid psPAX2 (Addgene) and envelope plasmid
pMD2.G (Addgene).

2.4 Genome-wide screening

The Lentiviral library (10 pl) and 8 pg/ml polybrene (Sigma, St. Louis, MO) were
transduced into 100x106 K562 cells seeded in 12-well plates with 2.5x108 cells per well,
resulting in a low multiplicity of infection (MOQI), around 0.3-0.5. The plates were
centrifuged at 1000 g for 2h at 34°C. After infection, all transduced cells were resuspended
to remove polybrene and non-transfected virus and pooled in fresh media. After 48h
recovery, puromycin (2 pg/ml) selection was performed for 5-7 days, with fresh media were
supplied every 48h, to eliminate non-transduced cells. After puromycin selection, aliquots of
30x108 cells were transferred into T225 cell culture flasks to maintain a 400-fold
representation of the 76441 sgRNAs in the Brunello library. The cells were treated in
triplicate with vehicle (phosphate buffer solution, PBS) or FA at 40, 100 and 150 uM
inducing inhibitory concentration 1C10, 1C20 and IC60, respectively, and incubated for 20
days (Figure 1C). Fresh media (including FA, as appropriate) was added to each flask every
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2 days. A total of 30x106 cells from each replicate of each treatment on day 8 and day 20
were centrifuged and the resulting pellets were stored at —80°C for DNA extraction.

2.5 Next generation sequencing

Genomic DNA was extracted from the cell pellets archived from the genome-wide CRISPR
screening using the Quick DNA plus kit (ZYMO, Irvine, CA) following the manufacturer’s
protocol. Herculase Il Fusion DNA Polymerase kit (Agilent, Santa Clara, CA) was used to
amplify the pool of sgRNA sequences/barcodes in the genomic DNA for next generation
sequencing (NGS). 100 ug DNA (8.3 ug genomic DNA/reaction; 12 replicates/sample) was
amplified from each sample. The PCR conditions were as follows: 95°C/3 min; 28 cycles of
95°C/30 s, 60°C/30 s, 72°C/25 s, and 72°C/2 min. To enable multiplexing of samples for
sequencing, multiple reverse primers—each with a unique 8 bp barcode (Table S1)—were
used in the PCR and to label each sample. All 12 PCR reactions for each sample were
pooled. The quality of the PCR amplicons was assessed by gel electrophoresis in 2%
agarose and analysis with a 2100 bioanalyzer (Agilent, Santa Clara, CA). If needed,
Qiaquick PCR purification kits were used to remove unincorporated primers and spurious
products. Bands of the expect size, 256 bp, were excised from the gel and Qiaquick gel
extraction kit was used to isolate PCR products for all samples. Qubit fluorometer (Thermo
Fisher Scientific, Waltham, MA) was used to quantify individual samples labeled with
different indices. All samples then were pooled in equimolar amounts and deep sequenced
(280,330 million reads per lane) using the lllumina Hiseq4000 platform at QB3 facility at
the University of California, Berkeley (single read 150 bp).

2.6 Bioinformatic and statistical analysis

FASTX-Toolkit was used to demultiplex raw FASTQ data files, which were further
processed to generate reads containing only the unique 20 bp guide sequences. The sgRNA
sequences from the library were assembled into a Burrows-Wheeler index (Li and Durbin,
2009) using Bowtie build-index function (Langmead et al., 2009). Reads were then aligned
to the index using the Bowtie aligner. The efficiency of alignment was checked and the
number of uniquely aligned reads for each library sequence was calculated to create a table
of raw counts. The normalization method in package edgeR was applied to normalize raw
counts and differentially expressed genes were determined accordingly. The heatmap of
normalized sgRNA counts using edgeR is presented as Figure S1. Since edgeR uses negative
binomial model to conduct normalization, it does not transform the original read counts.
Using edgeR, all candidate sgRNAs with false discovery rates (FDRs) <0.01 were identified.
The candidate genes were identified with at least 2 sgRNAs consistently modulating
sensitivity or resistance to FA at FDR<0.01 (Figure 1D). Pathway Studio (Nikitin et al.,
2003) and KEGG mapper were used to perform pathway analysis. DAVID and STRING
databases were applied for the functional annotation clustering of candidate gene analysis.
All of our CRISPR screening data will be deposited in the Open Repository of CRISPR
Screens (ORCS) database.

GraphPad Prism version 6 was used to perform statistical analysis for FA cytotoxicity test.
Data were expressed as mean + SEM. Data were analyzed by one-way ANOVA.
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3. Results

3.1 Identification of candidate genes modulating cellular susceptibility to FA using
genome-wide CRISPR

We carried out a genome-wide CRISPR-Cas9 loss-of-function library screening in human
K562 cells exposed to FA at three doses (40 uM, 100 pM and 150 pM, corresponding to the
IC10, IC20 and 1C60 respectively) in addition to a vehicle control (Figure 1A-1C) for two
time points (8 and 20 days). Among all doses and time points, the most robust differential
responses were observed with 100 pM and 150 pM FA at day 8. At day 20, we observed
only a few differential sensitivities for 100 uM and 150 uM FA. Similarly, a very limited
number of candidates were identified at 40 uM FA at either 8 or 20 days. Thus, most data for
40 uM FA and day 20 are included in supplementary information (Figure S2, S3; Table S2,
S3) as illustrated in Figure 1D.

SgRNA representation in each sample was determined by NGS and candidate differentially
sensitive mutants (FA-exposed as compared to vehicle controls) were determined by the
edgeR algorithm (Figure 2A, 2B, Figure S2). We identified candidate genes as those for
which loss of function mediated by at least 2 sgRNAs concordantly affected cellular
sensitivity or resistance to FA at FDR<0.01. Based on these criteria at day 8, 497 and 538
candidate genes were associated with increased sensitivity to 100 uM and 150 uM FA,
respectively (Figure 2C); and, 404 and 433 candidate genes were associated with increased
resistance to 100 uM and 150 uM FA, respectively (Figure 2C).

At day 20, loss of function of ADH5and £SD conferred sensitivity to 100 uM FA (Table
S3A) whereas loss of function of 13 and 10 genes conferred sensitivity and resistance 150
UM FA, respectively (Figure S3, Table 3B). In cells treated with 40 uM FA, only 1 gene
(CT47A5) was associated with resistance (day 8) and only 1 gene (£SD) was associated
with sensitivity (day 20) (Table S2).

3.2 Functional enrichment analysis of candidate genes

For functional enrichment analysis, we have selected common candidate genes more
rigorously with at least 3 sgRNAs that mediated a significant effect at both 100 uM and 150
UM FA (day 8, Figure 3). A total of 62 common genes (Table S4, S5) were identified and
their association with sensitivity/resistance are illustrated in venn diagram and heatmap
(Figure 3A). Functional enrichment analysis using DAVID on these 62 genes revealed that
multiple pathways and biological processes, including FA metabolic process, DNA repair
and in particular the Fanconi anemia pathway, oxidation-reduction process and fatty acid
biosynthesis and metabolism, regulate the cellular sensitivity or tolerance to FA (Figure 3B).
Functional clustering analysis using STRING further confirmed the interconnected cellular
processes involved in modulating FA toxicity including FA metabolism, DNA damage/repair
and fatty acid synthesis (Figure 3C).

3.3 Disruption of FA metabolism genes increases FA sensitivity

Disruption of ADH5, ESD, TKTand RPEin 100 uM and 150 uM FA at day 8 rendered
K562 cells more sensitive to cytotoxicity (Figure 4A, Table S5A), moreover, ADH5and
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ESD were the top sensitivity genes at day 20 (Table S3). These genes were shown to cluster
strongly and encode proteins involved in FA metabolic processes and carbon metabolism
(Figure 4B, 4C). As two key genes encoding components of FA metabolism (Figure 4D), as
expected, disruption of ADH5 or ESD markedly increased the cellular sensitivity to FA
(Table S3, S5A). Unexpectedly, disruption of 7K7 and RPE which encode proteins with a
known role in the pentose phosphate pathway of carbon metabolism similarly increased
sensitivity to FA (Figure 4D).

3.4 DNA damagel/repair response is important in modulating cellular sensitivity to FA

Genes encoding components of DNA damage response/repair were also identified as top
candidate genes whose disruption altered FA cytotoxicity (Figure 5A-5C). Among the 62
overlapping genes at day 8, 14 DNA repair related genes were identified which increase the
FA sensitivity (Table S5A) and two genes, KDM6A and KMTZ2C, increased resistance
(Table S5B). Notably, disruption of multiple FANC family genes, e.g, FANCA, FANCB and
FANCE, as well as ATM markedly enhanced sensitivity to FA (Figure 5C, Figure S4).
Additionally, a few components of DNA homologous repair (HR) pathway, e.g. RAD50and
XRCC3, were identified as increasing sensitivity in our CRISPR screen (Figure 5D).
Notably, we did not identify genes encoding components of the nonhomologous end joining
pathway (NHEJ) pathway as modulating FA induced cytotoxicity.

3.5 Modulation of fatty acid biosynthesis processes affects FA cellular toxicity

Interestingly, disruption of six genes involved in fatty acid synthesis were strongly enriched
or decreased by FA treatment at day 8 (Figure 6A, Table S5). Functional and clustering
analysis showed that FA cytotoxicity was dramatically modulated via disruption of the fatty
acid synthesis pathway (Figure 6A-6C). Among these genes, the knockout of FASN, a key
component involved in type | fatty acid synthesis, increased the tolerance to FA while the
deletion of type Il fatty acid synthesis related genes, e.9. MERC, OXSM and MCAT,
increased the cellular sensitivity to FA (Figure 6D).

3.6 mTOR signaling pathway is upregulated by FA treatment at Day 20

Unexpectedly, as noted above we identified far fewer differentially sensitive sgRNA targeted
mutants at day 20 as compared to day 8. Only disruption of ADH5and ESD dramatically
enriched the comparative cellular sensitivity to 100 UM FA at day 20 (Table S3A), while 13
candidate genes which increase sensitivity and 10 genes which enhance resistance, when
targeted, were identified in 150 uM FA treated cells (Figure S3). In addition to a few genes
associated with FA metabolism and DNA damage/repair pathway, some of which also were
identified at day 8, we identified multiple GTP binding proteins, e.g. RRAGA and RRAGC,
as well as mTOR (mammalian target of rapamycin) activators, e.g. LAMTORI, LAMTORZ2
and LAMTORS3, were identified as top resistant genes highly increasing the tolerance of
cells to 150 uM FA (Table S3B). These 5 genes shown in Figure 7A encode components
which regulate the mTOR signaling pathway and macroautophagy (Figure 7B-7D).
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4. Discussion

4.1 Genome-wide CRISPR screen is a valid approach to assess FA toxicity

Genome-wide CRISPR screening has been applied to profile the functional role of gene
products involved in the cellular response and biological processes related to various
exposures in mammalian cells. Notably, recent studies have investigated potential genes and
cellular processes modulating environmental toxicants induced toxicity using genome-wide
CRISPR screening, such as arsenic-induced endoplasmic reticulum stress associate
apoptosis (Panganiban et al., 2019) and the toxicity induced by triclosan (Xia et al., 2016),
paraquat (Reczek et al., 2017), and benzo[a]pyrene (Sundberg and Hankinson, 2019). We
also previously applied genome-wide CRISPR to uncover the potential mechanisms of
arsenic trioxide cellular toxicity, which was alleviated by the utilization of selenocysteine or
the perturbation of its biosynthesis (Sobh et al., 2019b). Moreover, our previous genome-
wide CRISPR study on acetaldehyde (the second smallest compound to FA in aldehyde
family) revealed that the loss of DNA repair genes enhanced sensitivity and the disruption of
OVCAZ, an uncharacterized tumor suppressor, was shown to increase acetaldehyde
sensitivity in human cells (Sobh et al., 2019a).

Previously, diverse model systems, including chicken DT40 cells, eukaryotic yeast
Saccharomyces cerevisiae and human KBM?7 cells, were employed to screen FA cytotoxicity
via functional toxicogenomic profiling (North et al., 2016; Ridpath et al., 2007; Shen et al.,
2016). These studies revealed pathways and mechanisms of FA toxicity and we validated
some findings in human cell lines. However, limitations of these screening models and
methods, such as difficulty extrapolating the findings to human diploid cells, promoted us to
apply CRISPR-based functional profiling to study determinants of FA toxicity directly in
human cells. Specifically, we applied genome-wide loss-of-function CRISPR screening in
human K562 cells exposed to three doses of FA for 20 days and examined survival/growth at
days 8 and 20. We confirmed previously known genes/pathways modulating FA toxicity and
identified potential roles for several unknown genes/pathways.

4.2 Previously known genes and pathways modulating FA toxicity are confirmed by
CRISPR screening

FA metabolism: In our CRISPR screen, ADH5and ESD were the only two sensitivity
genes identified at both day 8 and day 20 following FA treatments at 1C20 (100 uM) as well
as 1C60 (150 uM). Among all alcohol dehydrogenases, alcohol dehydrogenases 5 (ADH5) is
expressed ubiquitously in all tissues and plays an important role in formaldehyde
detoxification (Edenberg and McClintick, 2018; Ladeira et al., 2013). FA spontaneously
reacts with glutathione to form S-hydroxymethylglutathione, which is oxidized to S-
formylglutathione (Staab et al., 2009). Further, FGSH is hydrolyzed by S-formylglutathione
hydrolase to generate formate, which then enters into one carbon cycle (Reingruber and
Pontel, 2018; Schug, 2018). S-formylglutathione hydrolase, a carboxylic ester hydrolase,
termed esterase D (ESD) is expressed in most human tissues (Gonzalez et al., 2006; Harms
et al., 1996; Kazmierczak et al., 2013; Potter et al., 2009). As thioesterases, S-
formylglutathione hydrolases are highly conserved expressing throughout prokaryotes and
eukaryotes, and function as a key enzyme mediating formaldehyde detoxification pathways
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across evolutionarily divergent species (Cummins et al., 2006). By deleting ADH>5, previous
studies indicated that DNA adducts induced by FA were increased in multiple tissue types of
mice and DT40 cells and cells were highly susceptible to FA treatment (Deltour et al., 1999;
Pontel et al., 2015; Rosado et al., 2011). Consistent with these previous studies, our screen
revealed that deletion of either ADH5 or £SD enhanced the sensitivity of K562 cells to FA
exposure. Presumably, the disruption of these two genes impeded FA detoxification, which
made the K562 cells more susceptible to FA. Our findings confirm that the activity of ADH5
and ESD, two key players in the FA metabolic pathway, are vital for formaldehyde
tolerance.

DNA damage and repair: Using the chicken DT40 screening model, Ridpath et al.
demonstrated the essentiality of the FANC/BRCA pathway for eliminating DPCs, a strong
biomarker of DNA damage and genotoxic effect induced by FA and other aldehydes in cells
(Liu, 2006; Ridpath et al., 2007; Shaham, 2003; Shaham et al., 1996). Similarly, in our
current study, we also found that multiple genes from FANC family largely regulated FA
cytotoxicity (Figure S4). In addition, A7M was identified in our current screen as a
significant regulator of FA-induced DNA damage. This fits with a previous finding that low
levels of FA strongly activated the ATM signaling pathway in human cells, suggesting that
ATM Kkinase is involved in FA resistance (Ortega-Atienza et al., 2016). HR pathway, but not
the NHEJ pathway, is involved in the repair of FA-induced DNA damage (Ridpath et al.,
2007, North et al., 2016). Our previous study using yeast identified several DNA
homologous repair related genes, e.g. RAD51 (human: RAD5I) and RAD57 (human:
XRCC3), whose loss induced hypersensitivity to FA (North et al., 2016). Besides, using
yeast, de Graaf et al. demonstrated that homologous recombination protects against chronic
FA exposure (de Graaf et al., 2009). Interestingly, in the present CRISPR screen, we also
identified a few genes involved in HR pathway, such as BRCAI1, BRCAZ, RAD51B and
XRCC3, as sensitive genes at lower stringency (FDR<0.1) (Table S6), showing that the HR
pathway may play a role in modulating FA induced genotoxicity. In summary, our approach
identified and confirmed multiple DNA repair components whose deletion enhances cellular
sensitivity to formaldehyde.

4.3 CRISPR screening reveals novel genes/pathways involved in the modulation of FA

toxicity

One carbon metabolism: Loss of function of 7K7 and PRE, two genes encoding key
enzymes involved in one carbon metabolism—previously not known to play a ro le FA
toxicity—conferred increased sensitivity to F A in our CRISPR screen. In a wide range of
methylotrophic bacteria, the ribulose monophosphate (RuMP) pathway involves FA fixation
to the pentose phosphate pathway (PPP) intermediate ribulose-5-phosphate (Ru5P) (Bennett
et al., 2018; Mitsui et al., 2000; Whitaker et al., 2015). Briefly, 3-hexulose-6-phosphate
synthase (HSP) catalyzes the addition of FA to Ru5P to form D-arabino-3-hexulose 6-
phosphate (H6P), which is further catalyzed to fructose-6-phosphate (F6P) upon
isomerization (Figure 4D). Subsequently, F6P is transformed to xylulose-5-P (X5P) by
transketolase (TKT), which undergoes epimerization by ribulose-5-phosphate-3-epimerase
(RPE) to regenerate Ru5P, the acceptor of FA (Figure 4D). The process of FA fixation to
F6P is only found in archaea and yeast, but not, so far, in human. The enhanced sensitivity to
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FA by the disruption of 7K7 or RPEin our CRISPR screen suggests that other processes
could potentially be present in human cells similar to the non-human FA fixation process
catalyzed by HSP. In addition, dihydroxyacetone synthase (DHAS), also known as
formaldehyde transketolase (ec 2.2.1.3), is found in methylotrophic yeast species catalyzing
X5P to yield glycerone via FA fixation (Rohmer et al., 1993). Interestingly, formaldehyde
transketolase shows high sequence similarity to its homolog TKT (ec. 2.2.1.1) in human
(Sprenger and Pohl, 1999). Thus, our data support the possibility that TKT in human acts
similarly to DHAS in yeast when under FA stress.

Fatty acid synthesis: In the current study screen, fatty acid synthesis (FAS) was
demonstrated to be one of top-ranked metabolic pathways modulating FA cytotoxicity. Fatty
acid synthase (FASN) is the key cytosolic enzyme in mammalian type | FAS required for de
novo palmitate synthesis (Wu et al., 2016). Deletion of FASN was shown to enhance the
tolerance to FA toxicity (Table S5B). On the other hand, the knockout of multiple genes
involved in type 1l FAS, e.g. OXSM, MCAT and MECR, increased the sensitivity to FA
stress (Table S5A). In mammalian cells, type Il FAS system exists in mitochondria and is
completely independent of the cytosolic FAS apparatus (Hiltunen et al., 2009; Liu et al.,
2010). Our results revealed that mitochondrial type 11 FAS may play an important role in
releasing FA-induced stress. Since the major sites of FAS are adipose tissue and the liver,
more relevant cell lines and biochemistry studies are needed to further illuminate how the
modulation of FAS systems influences FA cytotoxicity.

MTOR signaling pathway: The disruption of several genes related to mTOR signaling
increase the cellular resistance to 150 UM FA treatment at day 20. These included three
genes from late endosomal/lysosomal adaptor, MAPK and mTOR activator (LAMTOR)
family (LAMTORI1, LAMTORZ and LAMTORS) as well as two genes encoding Rag
complex (RRAGA and RRAGC) (Figure 7) which are involved in amino acid-induced
relocalization of the mTOR signaling complex | (MTORC1) to the lysosomes and its
subsequent activation of the mTOR signaling cascade (Paquette et al., 2018; Sancak et al.,
2010). mTOR is a key component coordinately regulating the balance between cell growth
and autophagy in response to cellular physiological conditions such as nutrient starvation or
reduced growth factors as well as environmental stress, and specifically, autophagy induction
is negatively regulated by mTORC1 (Jung et al., 2010; Kim et al., 2008). Autophagy plays a
vital role in promoting cell survival via nutrient recycling and the clearance of damaged
organelles or oxidized and aggregated proteins (Green and Levine, 2014). Cells in various
solid tumor and leukemia models can be induced to respond to chemotherapy, radiation
therapy and immunotherapy via the inhibition of autophagy (Sehgal et al., 2015). In the
present study, the disruption of LAMTOR family genes (LAMTOR1, LAMTORZ2 and
LAMTORS3) or Rag complex components (RRAGA and RRAGC) would be expected to
inhibit mTOR signaling pathway, which in turn would enhance autophagy. Moreover, a
recent study reported that FA exposure inhibited the expression of mMTOR in rat testis (Fang
et al., 2016) and our latest study in mice showed that FA may induce hematopoietic toxicity
by increasing DNA damage and suppressing the mTOR pathway (Ge et al., 2020).
Correspondingly, our current study suggests that FA also may enhance the autophagy via the
downregulation of mTOR expression. In short, the inhibition of mTOR or disruption of

Chemosphere. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 11

genes comprising LAMTOR family or Rag complex may enhance autophagy, enabling
enhanced cellular survival and tolerance to FA stress.

Myeloid Leukemia: Our early review of epidemiologic studies and an IARC monograph
have shown that exposure to FA in occupational settings is associated with an increased risk
of lymphohematopoietic cancers, particularly myeloid leukemia (Cogliano et al., 2005;
Zhang et al., 2009). A large cohort study (>25,000 workers) conducted by the National
Cancer Institute (NCI) strongly indicated an association of FA exposure with myeloid
leukemia (Hauptmann, 2003). Our previous study found that FA-exposed workers had lower
blood counts and bone marrow toxicity and FA exposure in human myeloid progenitor cells
in vitro induced toxic effects (Zhang et al., 2010). In our current study, a set of genes
involved in chronic myeloid leukemia was shown to significantly modulate FA cellular
toxicity (Figure S5), providing additional biological plausibility to support the potential
association of FA exposure with myeloid leukemia.

4.4 Variation in candidate genes identified on days 8 and 20

In our screen, multiple candidate genes identified at day 8 were not identified at day 20
(Table S7). We speculate that the longer-term exposure could ultimately overwhelm the
compensatory mechanisms of the cells, even without mutations in key FA response genes,
and thus the differential growth advantage between sensitive and more resistant mutant cells
would not be as apparent. Alternatively, additional compensatory mechanisms could come
into play during longer-term exposure which would similarly decrease the differences
between the acutely sensitive mutants and the more resistant clones. For example, the
knockout of multiple genes involved in DNA damage repair led cells to be more sensitive to
FA exposure at day 8 but some of these genes, e.g. ATM, FANCB and FANCE, were not
identified at day 20. In this case additional compensatory mechanisms may counteract the
adverse effect induced by the deletion of DNA repair genes between days 8 and 20, making
cells more resistant to FA and limiting the sensitivity. Further studies are needed to examine
these hypotheses and are beyond the scope of the current study.

4.5 Study limitations

Even though we identified multiple genes and pathways known to modulate FA toxicity in
the present genome-wide CRISPR screen, the screening approach has several potential
weaknesses which may limit our ability to identify important functional modulators of FA
toxicity. As a cancer cell line, K562 may not fully represent /n vivo responses to FA
exposure in healthy individuals. For example, previous work has demonstrated the
importance of the p53 transcription factor in mediating apoptotic responses to FA (Wong et
al., 2012). However, the K562 cell is a p53-null leukemic cell (Woo et al., 2016), and thus,
most of apoptotic genes including p53 were not identified in our screen. K562 may contain
multiple genetic mutations which may limit ability to identify particular cellular response
pathways. However, due to the limited choices of primary cells compatible with CRISPR
screening, we selected K562 cells to be consistent with our previous studies. In addition,
transient inhibition of proteasome activity previously was shown to result in increased
cytotoxicity in human cells exposed to biologically relevant doses of FA (Ortega-Atienza et
al., 2015). At FDR <0.01, we did not identify the proteasome as a major modulator of
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toxicity in this cell system which could reflect cell specific differences in toxicity or pre-
existing defects in proteasome response in K562. However, a lower stringency (FDR<0.1)
does identify candidates (data not shown).

In the current study, we identified multiple genes previously implicated in the cellular
response to FA including the well characterized ADH5, ESD and FANC family genes.
Further, previous studies in chicken DT-40 (Ridpath et al., 2007) and human PD20/PD20-D2
lymphoblastic cell lines (Ren et al., 2013) also found that increased sensitivity to FA
exposure was conferred by multiple individual targeted disruptions of the FANC family
genes, providing support for the validity of our current findings. We recognize that the
mechanisms modulating FA toxicity revealed using different models and screening
approaches may differ. Therefore, the role of the novel genes and potential pathways/
mechanisms identified in our current study require further investigation.

5. Conclusions

In conclusion, using genome-wide CRISPR-based screening in human K562 cells, we
confirmed genes and molecular mechanisms previously shown to modulate cellular toxicity
to FA in various models and further revealed novel genes and pathways. Our findings have
implications for understanding the potential mechanisms of underlying FA-associated
carcinogenesis.
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Highlights

Multiple genes related to FA cellular toxicity were identified using genome-
wide CRISPR

FA metabolism and the Fanconi anemia pathway were confirmed to modulate
FA tolerance

New genes in one-carbon metabolism were found to be associated with FA
toxicity

Novel pathways including fatty acid synthesis and mTOR signaling were
discovered to modulate FA toxicity
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Overview of the CRISPR-based functional screening approach. A. Cell viability test of a

gradient of FA concentrations in K562 cells after 72 h in culture (15t experiment). Data are
represented as mean=SEM (n=3). B. Cell viability test of multiple concentrations of FA in
K562 cells after 72 h in culture (2" experiment). Data are represented as mean+SEM (n=3).
C. The workflow of the CRISPR screening process. D. Criteria to filter genes identified by

edgeR.

Chemosphere. Author manuscript; available in PMC 2022 April 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al.

log-fold—change

Figure 2.

Page 19

logfold-change

Average log CPM

800

Average log CPM

600+

400+

Number of genes

200+

Hm sensitive
mEm resistant

538
497

404

100 150
Formaldehyde (pM)

Differential sgRNAs and candidate genes modulating FA cytotoxicity. A. Scatter plot

showing the fold change of the enriched (log2FC>0) and the depleted (Log2FC<0) sgRNAs
in the 100 uM FA exposure group compared to vehicle control (FDR<0.05). B. Scatter plot
showing the fold change of the enriched (log2FC>0) and the depleted (Log2FC<0) sgRNAS

in 150 uM FA exposure group compared to vehicle control (FDR<0.05). C. Number of
sensitive/resistant genes with at least 2 sgRNAs in 100 uM and 150 uM FA at day 8
analyzed by edgeR (FDR<0.01).
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Figure 3.
Functional characteristics of the 62 candidate genes identified in both 100 uM and 150 pM

FA exposure at day 8 (FDR<0.01). A. Venn plot and heatmaps showing both sensitive (blue)
and resistant (red) genes with at least 3 sgRNAs in same direction. B. Functional enrichment
analysis showing the top pathways and biological processes modulating FA toxicity. C.
Clustering analysis of the 62 candidate genes.
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Figure 4.
Gene and pathway analysis of FA metabolism. Data obtained from candidate genes

overlapping between 100 uM and 150 uM FA treatment at day 8 (FDR<0.01). A. List of
genes related to FA metabolism. B. Annotations of all listed genes. C. Clustering analysis
showing the strong interaction between four top candidate genes involved in FA metabolism.
D. FA metabolism pathway showing the involvement of corresponding genes.
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ATM ATM serine/threonine kinase GO: 0036297 interstrand cross-link repair
CARM1 coactivator associated arginine methyltransferase 1 GO: 0006974 cellular response to DNA damage stimulus
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Figure 5.
Gene and pathway analysis of DNA damage and repair. Data obtained from candidate genes

overlapping between 100 pM and 150 uM FA treatment at day 8 (FDR<0.01). A. List of
genes involved in DNA damage and repair pathways. B. Annotations of all listed genes. C.
Clustering analysis showing the connections between DNA repair associated genes,
particularly the highly enriched Fanconi anemia complex components. D. DNA homologous
repair pathway analyzed from 150 uM FA at day 8 by Pathway Studio.
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OXSM 3-oxoacyl-ACP synthase, mitochondrial
MECR mitochondrial trans-2-enoyl-CoA reductase
FASN fatty acid synthase

DUS1IL dihydrouridine synthase 1 like
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Figure 6.
Gene and pathway analysis of fatty acid synthesis. Data obtained from ¢

overlapping between 100 pM and 150 uM FA treatment at day 8 (FDR<0.01). A. List of
genes involved in fatty acid synthesis process. B. Annotations of all listed genes. C.
Clustering analysis showing the connections between fatty acid synthesis related genes. D.
The regulation of corresponding genes in the type | and Il fatty acid synthesis pathways.
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RRAGC Ras related GTP binding C
RRAGA Ras related GTP binding A
LAMTOR1 late endosomal/lysosomal adaptor, MAPK and mTOR activator 1
LAMTOR2 late endosomal/lysosomal adaptor, MAPK and mTOR activator 2
LAMTOR3 late endosomal/lysosomal adaptor, MAPK and mTOR activator 3
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Figure 7.
Gene and pathway analysis of mTOR signaling pathway. Data obtained from candidate

genes in 150 pM formaldehyde treatment group at day 20 (FDR<0.01). A. List of genes
involved in TOR signaling pathway. B. Annotations of all listed genes. C. Clustering
analysis showing the interactions between top resistant genes. D. Kegg pathway showing the
involvement of corresponding genes in the mTOR signaling pathway.
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