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Early diagnosis of nasopharyngeal carcinoma (NPC) is diffi-
cult because of a lack of specific symptoms. Many patients have
advanced disease at diagnosis, and these patients respond
poorly to treatment. New treatments are therefore needed to
improve the outcome of NPC. To better understand the molec-
ular pathogenesis of NPC, here we used an NPC cell line in a
genome-wide CRISPR-based knockout screen to identify the
cellular factors and pathways essential for NPC (i.e. dependence
factors). This screen identified the Moz, Ybf2/Sas3, Sas2, Tip60
histone acetyl transferase complex, NF-«kB signaling, purine
synthesis, and linear ubiquitination pathways; and MDM2
proto-oncogene as NPC dependence factors/pathways. Using
gene knock out, complementary DNA rescue, and inhibitor
assays, we found that perturbation of these pathways greatly
reduces the growth of NPC cell lines but does not affect growth
of SV40-immortalized normal nasopharyngeal epithelial cells.
These results suggest that targeting these pathways/proteins
may hold promise for achieving better treatment of patients
with NPC.

Nasopharyngeal carcinoma (NPC)* occurs in the nasophar-
ynx that is behind the nose and above the oropharynx. Early
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diagnosis of NPC remains difficult because of a lack of specific
symptoms and its hidden anatomic location. Advanced disease
is still frequently seen at first diagnosis (1). Radiotherapy and
chemotherapy are the most commonly used treatments for
NPC. Despite recent improvement in NPC treatment, the prog-
nosis for patients with metastasis is still poor. In 2008, more
than 51,000 patients died from NPC worldwide (2, 3). There-
fore, new targeted therapies that specifically inactivate aber-
rant NPC oncogenic pathways are needed to improve patient
outcome.

NPC is a unique human malignancy in which Epstein—Barr
virus (EBV) is found in almost all undifferentiated NPCs (4).
EBV latent membrane protein 1 (LMP1) activation of NF-«B
provides signals for cell survival (5). LMP2A activates the
phosphatidylinositol 3 kinase (PI3K)/AKT pathway (6). EBV
microRNAs can promote metastasis (7). It was initially thought
that most NPCs express LMP1 (8). However, it has been
reported recently that the detection of LMP1 expression in
NPC is highly variable. Frequently, it is not detectable in NPC
biopsies (9, 10). Instead, abundant activating mutations in the
NE-«B signaling pathway were found in NPC exome-seq anal-
yses (9, 10). Interestingly, NPCs with activating mutations in
the NF-kB pathway often lack LMP1 expression, suggesting
essential roles of NF-kB in NPC pathogenesis. Other factors
linked to NPC pathogenesis include genetic predisposition and
environmental factors. A genome-wide association study found
that NPC associated loci include HLA and the CDKN2A-
CDKN2B gene cluster (11).

NPC whole-exome sequencing found mutations in epige-
netic modifying enzymes are one of the most frequent genetic
alterations in NPC (9, 12). Patients with mutations in this path-
way had worse prognosis (12). These mutations can alter the
epigenetic landscapes in cancer cells (12—15). Epigenetic alter-

knockout; MYST, Moz, Ybf2/Sas3, Sas2, Tip60; KAT, histone lysine acetyl-
transferase; PAM, protospacer adjacent motif; MTX, methotrexate; LUBAC,
linear ubiquitination assembly complex; sgRNA, single guide RNA.
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ations are usually reversible and epigenetic enzymes are ideal
drug targets, therefore understanding the aberrant epigenetic
alterations will not only help us understand the molecular
pathogenesis, but also allow identification of potential novel
therapies. The PI3K pathway is also frequently affected in NPC.
Other frequent mutations include TP53 and CDKN2A/B (9, 10,
12). Even though these proteins are not ideal drug targets them-
selves, it is possible to target their regulatory element (enhanc-
ers) to silence their expression.

Recently developed Clustered regularly-interspaced short
palindromic repeats (CRISPR) technology enables rapid iden-
tification of dependency factors for cancer cell growth and sur-
vival (16). Silencing of dependency genes will lead to cell growth
arrest or death. Identification of dependency genes will not only
provide new insight into the molecular pathogenesis, but also
identify novel therapeutic targets.

In this manuscript, we identified NPC dependency genes using
a genome-wide CRISPR screen. Using these approaches, we iden-
tified novel pathways essential for NPC cell growth and survival.

Results
NPC dependency genes

Genome-wide CRISPR screens were used to identify NPC
genes essential for their growth and survival. C666-1 is an EBV-
positive NPC cell line, and NP69 is a normal human nasopha-
ryngeal epithelial cell line immortalized by SV40 T antigen (17,
18). Lentiviruses were first used to generate cell lines stably
expressing CAS9. The genome-wide Brunello library was then
used to transduce NPC and control cells at a multiplicity of
infection of 0.3. Cells were selected with puromycin and
allowed to grow for 28 days. Total genomic DNAs were purified
from 40 million of each line, and the sgRNAs were PCR-ampli-
fied. The sgRNAs were deep-sequenced and mapped to the
human genome (Fig. 14 and Fig. S1). We used model-based
analysis of genome-wide CRISPR-Cas9 knockout (MAGeCK)
to identify genes essential for C666-1 cell survival but dispens-
able for NP69 cells (19, 20). We identified 711 genes depleted in
C666-1 cells but not in NP69 cells (Fig. 18). Dependency genes
include the Moz, Ybf2/Sas3, Sas2, Tip60 (MYST) histone lysine
acetyltransferase (HAT) family members and genes involved in
the NF-«B signaling pathway, purine synthesis, the linear ubiq-
uitin pathway, and the TP53 pathway. Pathway analyses iden-
tified that ribosomes, basal transcription factors, EBV infection,
autophagy, and the cell cycle were enriched in KEGG pathways
(Fig. 1C).

MYST histone lysine acetyl transferases family members are
essential for NPC cell growth

KAT7 and KAT8 belong to the MYST family lysine acetyl-
transferases (KATs). A CRISPR screen identified KAT7 and its
associated proteins BRD1(BRPF2), MEAF6, KAT7(HBO1/
MYST?2), and BRPF1 as NPC dependency factors (Fig. 24).
BRD1 and BRPF1 are scaffold proteins that assemble the HAT
complexes and bridge MEAF6 (21, 22). BRD1 and BRPF1 have
bromodomain and plant homeodomain (PHD) zinc fingers.
The PHD domains bind to histones, thus providing docking
sites for KATs. MEAF6 is a member of several MYST com-
plexes. However, its function is not well characterized. KAT7
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assembles protein complexes with BRD1 or BRPF1, MEAF6,
and ING4/5 or JADE1/2/3 to acetylate H4K12, H4K5, H4KS,
and H3K14 (21, 22).

To further validate the results from the screen, two sgRNAs
were used to knock out KAT7 in C666-1 cells; a second EBV-
positive NPC cell line, C17 cells; and NP69 cells. The sgRNAs
were packaged into lentiviruses, and cells transduced with the
lentiviruses were selected with puromycin. After selection, the
cells were seeded at 2 X 10°/ml for C666-1 and C17 cells and
5 X 10*/ml for NP69 cells and allowed to grow. Western blot-
ting showed very efficient knockout in all three lines tested (Fig.
2B). KAT7 knockout significantly decreased C666-1 and C17
cell growth (p < 0.001) but did not affect NP69 cell growth (Fig.
2B). To rule out CRISPR off-target effects, cONA rescue was
used. The KAT7sgl PAM site in V5-tagged KAT7 rescue cDNA
was mutated; thus, CAS9 would not be able to cut the cDNA.
C17 cells were transduced with lentiviruses expressing
KAT7sgl, alone or together with KAT7 rescue cDNA. KAT7
sgRNA efficiently reduced C17 cell growth. In contrast, the
growth of cells expressing KAT7 rescue cDNA was comparable
with that of cells expressing nontargeting sgRNA. The expres-
sion of rescue cDNA was validated by Western blotting (Fig.
2C). Cell cycle analyses found that NPC cells were growth-ar-
rested in G,/M phase (Fig. 2D). qRT-PCR was used to deter-
mine the effect of KAT7 knockout on the expression of genes
essential for NPC. KAT7 knockout significantly reduced
CHUK, GART, MDM2, RBCK1, SLC2A1, ATIC, and IKBKG
expression in C666-1 cells (Fig. 2E; *, p < 0.05; **, p < 0.01).
KAT7 knockout significantly reduced BRD1, IKBKB, MDM2,
OTULIN, RBCK1, ATIC, IKBKG, and PIK3C3 expression in
C17 cells (Fig. 2F; *, p < 0.05; **, p < 0.01). KAT7 knockout
significantly reduced CHUK, IKBKB, MDM2, and RBCK1
expression in NP69 cells (Fig. 2G; *, p < 0.05; **, p < 0.01).
These data suggest that KAT7 can contribute NPC cell growth
and survival through up-regulation of NPC-essential genes.

To validate the effect of BRD1 knockout on NPC cell growth,
two sgRNAs were used to knock out BRD1 in C666-1, C17, and
NP69 cells. CRISPR efficiently reduced BRD1 expression in all
three cell lines (Fig. 2/). BRD1 knockout significantly reduced
C666-1 and C17 cell growth (**, p < 0.01) but did not affect
NP69 cell growth (Fig. 21). BRD1 expression levels in NPC tis-
sues were also significantly higher than in non-NPC tissues by
RNA-Seq (p = 0.0079) (Fig. 2)).

To validate the effect of MEAF6 knockout on NPC cell
growth, two sgRNAs were used to knock out MEAF6 in C666-1,
C17, and NP69 cells. CRISPR efficiently reduced MEAF6
expression in all three cell lines (Fig. 2K). MEAF6 knockout
significantly reduced C666-1 and C17 cell growth (**, p < 0.01)
but did not affect NP69 cell growth (Fig. 2L).

KAT8(MOF/MYST1) is also a member of the MYST family
lysine acetyltransferases (Fig. 34). Two sgRNAs were used to
knock out KATS8 to test their ability to repress NPC cell growth.
sgRNAs efficiently depleted KATS protein in all cell lines tested
(Fig. 3B). KAT8 sgRNAs greatly decreased C666-1 and C17 cell
growth (**, p < 0.01) and only slightly affected NP69 cell growth
(Fig. 3C, p > 0.05).
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Figure 2. MYST histone lysine acetyl transferase family members are essential for NPC cell growth and survival. A, cartoon representing components of
the KAT7 complexes. Stars indicate CRISPR hits with significant 3 scores. B, C666-1, C17, and NP69 cells were infected with lentiviruses expressing control (Ctrl)
or sgRNAs against KAT7. Cells were seeded after puromycin selection. KAT7 expression is shown in Western blotting with GAPDH as a loading control. The cell
numbers were counted on the indicated day (***, p < 0.001). C, lentivirus-transduced, V5-tagged KAT7 cDNA with the KAT7sg1 PAM site mutated (KAT7M) was
used to rescue the KAT7 knockout. Luminescent cell viability assay was used to measure cell growth after endogenous KAT7 knockout in control or KAT7
rescued cells (**, p < 0.01). Western blots were used to confirm endogenous and V5-tagged rescue KAT7 expression. D, cell cycle analyses of cells with KAT7
knockout. E, gqRT-PCR analyses of NPC dependence factor expression after KAT7 knockout in C666-1 cell. Control sgRNA levels were setto 1 (**, p < 0.01;*,p <
0.05). F, gRT-PCR analyses of NPC dependence factor expression after KAT7 knockout in C17 cells. Control sgRNA levels were set to 1 (**, p < 0.01; ¥, p < 0.05).
G, gRT-PCRanalyses of NPC dependence factor expression after KAT7 knockoutin NP69 cell. Control sgRNA levels were setto 1 (**,p < 0.01;*,p < 0.05). H,BRD1
expression after knockout. /, cell growth following BRD1 knockout (**, p < 0.01; *, p < 0.05).J, BRD1 expression level in NPC tissue and non-NPC tissues. K, MEAF6
expression after knockout. L, cell growth following MEAF6 knockout (**, p < 0.01).

Figure 1. Genome-wide CRISPR screen for NPC dependency factors. A, CRSIPR knockout experimental design. B, 8 scores from the CRISPR screen of control
(NP69 cells) versus treatment (C666-1 cells). Genes with a deviation of 2.5 X S.D. from the normalized mean S scores are highlighted, with positive B scores
meaning selected for and negative 8 scores selected against. Top-scoring genes as well as genes of interest are highlighted. C, top GSEA categories for gene
sets preferentially depleted in C666-1 cells compared with NP69 cells. The size of the spheres is proportional to the normalized enrichment scores.
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Figure 3. KAT8 is essential for NPC. A, cartoon representing components of
the KAT8 complexes. The star indicates CRISPR hits with significant B scores. B,
KAT8 expression after knockout. C, cell growth following KAT8 knockout
(***p < 0.001, **p < 0.01).

The NF-kB pathway is essential for NPC growth

NE-«B activity is usually very high in NPC (5). NF-«B is acti-
vated either by the EBV oncoprotein LMP1 or mutations in the
NF-kB signaling pathway (9). The expression of LMPI1 in
C666-1 cells is very inconsistent (9). However, a CYLD frame-
shift mutation in C666-1 cells leads to complete loss of CYLD
protein expression. Restoration of WT CYLD protein expres-
sion reduces NF-«B activity (9). sgRNAs for CHUK, IKBKB,
and IKBKG were significantly depleted in C666-1 cells but not
in NP69 cells (Fig. 44 and Fig. S2A). In addition, RELB, NFKB1,
NFKB2, NFKBIA, TAK1, TRAF6, and TRAF4 were also essen-
tial for C666-1 growth and survival but not for NP69 cells (Fig.
4A). Both canonical and noncanonical NF-«B pathway proteins
were essential for C666-1, suggesting that both pathways are
activated in C666-1 cells (Fig. 44). The effect of IKBKB small-
molecule inhibitor VIII on C666-1 and NP69 growth was tested.
The IKBKB inhibitor slightly reduced NP69 cell growth. In con-
trast, the IKBKB inhibitor significantly reduced C666-1 cell
growth (***, p <0.001; Fig. 4B). To further validate the effects of
CRISPR knockout, two sgRNAs for CHUK were tested for their
effects on cell growth. CRISPR knockout efficiently reduced
gene expression in both C666-1 and NP69 cells (Fig. 4C).
CRISPR knockout also significantly reduced C666-1 cell
growth (**, p < 0.01) but had minimal effect on NP69 cell
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growth (Fig. 4D). CRISPR knockout efficiently reduced the
IKBKB protein level and halted C666-1 cell growth (Fig. 4, E and
F; ***, p < 0.001). IKBKG knockout greatly reduced the IKBKG
protein level and reduced C666-1 cell growth, but it did not
affect NP69 growth (Fig. 4, G and H; **, p < 0.01) These data
indicated that NF-kB activity is essential for C666-1 cell
growth.

Purine synthesis pathway is essential for NPC growth

sgRNAs targeting the purine synthesis pathway enzymes
GART, ADSL, PAICS, and ATIC were significantly depleted in
C666-1 cells (Fig. 5A and Fig. S3). To evaluate the importance of
the purine synthesis pathway, we tested the effect of methotrex-
ate (MTX) treatment on C666-1, C17, and NP69 cell growth.
MTX can inhibit the enzymes involved in purine synthesis. At
lower doses, MTX slightly inhibited the growth of all three cell
lines. However, at higher doses, MTX greatly suppressed
C666-1 and C17 growth while not further inhibiting NP69 cell
growth (Fig. 5B). Two sgRNAs for ADSL were used to test the
effect of knockout on C666-1, C17, and NP69 cell growth.
CRISPR efficiently knocked out ADSL (Fig. 5C). C666-1 and
C17 cell growth was significantly reduced, whereas NP69 cells
grew normally (Fig. 5D). Two sgRNAs for GART were used to
test the effect of knockout on C666-1, C17, and NP69 cell
growth. CRISPR efficiently knocked out GART (Fig. 5E).
C666-1 and C17 cell growth was significantly reduced, whereas
NP69 cells grew normally (Fig. 5F). These data indicate that the
purine synthesis pathway is important for NPC cell prolifera-
tion. Interestingly, the expression levels of these enzymes also
correlated with a poorer prognosis in head and neck cancers
(Fig. S3, B—E) (http://www.oncolnc.org/ (41)).

SLC2A1 is essential for NPC growth

EBV LMP1 up-regulates SLC2A1 expression through NF-«B
(23). shRNA knockdown of SLC2A1 in NP69 cells stably
expressing LMP1 greatly reduces cell growth (23). SCL2A1 was
identified as a dependency factor for C666-1 cells in our
CRISPR screen. Two sgRNAs were used to test the effect of
SLC2A1 knockout on C666-1 and NP69 cell growth. CRISPR
efficiently reduced SLC2A1 expression, as shown by West-
ern blotting (Fig. S4A4). SLC2A1 CRISPR knockout greatly
decreased C666-1 cell growth but had a minimal effect on NP69
cell growth (Fig. S4B). The effect of a SLC2A1 inhibitor,
BAY876, on NPC cell growth was also evaluated. BAY876
inhibited C666-1 and C17 cell growth at around 100 nM. At this
concentration, BAY876 had a minimal effect on NP69 cell
growth. Increasing amounts of BAY876 further inhibited
C666-1 and C17 cell growth. At higher concentrations, BAY876
also slightly decreased NP69 cell growth. However, the inhibi-
tory effect of BAY876 on C666-1 and C17 was significantly
stronger than on NP69 (Fig. S4C). These cells were also plated
in medium with or without glucose. In the absence of glucose,
C666-1 and C17 cells grew very poorly, whereas NP69 cells
grew almost normally (Fig. S4D). These data further support
the notion that SLC2A1 is important for NPC cell growth.

® Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party-hosted site.
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Figure 4. The NF-kB pathway is essential for NPC cell growth and survival. A, cartoon representing key components of the canonical and noncanonical
NF-kB pathways is shown. Dependency factors are indicated by stars. B, C666-1 cells were treated with increasing amounts of IKBKB inhibitor for 3 days. Cell
growth was determined by luminescent cell viability assay (***, p < 0.001). The ICs, values are indicated at the top. C, CHUK expression after knockout. Ctrl,
control. D, cell growth following CHUK knockout (**, p < 0.01; *, p < 0.05). E, IKBKB expression after knockout. F, cell growth following IKBKB knockout (***, p <
0.001). G, IKBKG expression after knockout. H, cell growth following IKBKG knockout (**, p < 0.01).

Genes involved in regulating linear ubiquitin are important for
NPC growth

The linear ubiquitination assembly complex (LUBAC) compo-
nents RBCK, RNF31, and SHARPIN were all scored in the screen
(Fig. 64). LUBAC synthesizes linear polyubiquitin chains and
plays a key role in NF-«B (24). To further validate the screen result,
two sgRNAs were used to knock out RBCKI to test their effects on
C666-1 and NP69 growth. Knockout greatly reduced the protein
level of RBCK1 (Fig. 68). As expected, knockout of RBCK1 signif-
icantly decreased C666-1 cell growth (**, p < 0.01), whereas NP69
cell growth was unaffected (Fig. 6C). Two sgRNAs targeting
RNF31 were also used to test their effects on C666-1 and NP69 cell
growth. Knockout greatly reduced the protein level of RNF31 (Fig.
6D). Knockout of RNF31 significantly decreased C666-1 cell
growth (**, p < 0.01), whereas NP69 cell growth was unaffected

SASBMB

(Fig. 6E). These data suggest that LUBAC complexes are impor-
tant for NPC cell growth. The LUBAC deubiquitinase OTULIN
was also scored in the screen. OTULIN negatively regulates
LUBAC activity. To test the effect of OTULIN depletion on
C666-1 cell growth, two sgRNAs were selected to knock out
OTULIN in C666-1 and NP69 cells. Knockout efficiently reduced
OTULIN protein expression (Fig. 6F). OTULIN depletion greatly
reduced C666-1 growth and had no effect on NP69 (Fig. 6G; **, p <
0.01). Because both the positive and negative regulators of linear
ubiquitination were essential, the balance between the two events
must be critical for NPC cell growth.

MDM_2 and PIK3C3 are important for C666-1 cell growth

Tumor suppressor TP53 and PI3K pathway proteins are fre-
quently mutated in NPC (9). Mutant TP53 can function as a dom-
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inant negative for W'T TP53, blocking its tumor suppressor func-
tion (25). MDM2 is an E3 ubiquitin ligase that is responsible for
TP53 degradation (26). MDM2 was scored as an NPC dependency
factor. Two sgRNAs targeting MDM2 efficiently knocked out
MDM2 protein expression (Fig. 7A). Knockout also significantly
decreased C666-1 cell growth while having a limited effect on
NP69 cell growth (Fig. 7B). The MDM2 inhibitor Nutlin-3A sig-
nificantly inhibited C666-1 cell growth while having less of an
effect on NP69 cells (Fig. 7C; ***, p < 0.001). PIK3C3 was also
scored as an NPC dependency factor. Two sgRNAs targeting
PIK3C3 efficiently knocked out PIK3C3 protein expression (Fig.
S5A4). Knockout also significantly decreased C666-1 cell growth
while having no effect on NP69 cell growth (Fig. S5B; **, p < 0.01).

Discussion

Recent advances in NPC treatment have greatly improved
patient survival. However, 60% of patients have locoregional
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advanced disease or remote metastasis at diagnosis (1). These
patients respond very poorly to treatments. Therefore, novel
therapies specifically targeting NPC vulnerability are urgently
needed.

A genome-wide CRISPR screen is a powerful tool to identity
dependency factors essential for cell growth and survival (16). If
there are drugs available for these dependency factors, then the
effect of these drugs on NPC growth and survival can be tested
easily. If these dependency factors are ideal drug targets, then it
is possible to screen for specific inhibitors to develop new treat-
ments. It is also possible to identify synthetic lethality targets.

C666-1 is a well-established EBV-positive NPC line derived
from untreated patient xenografts. C17 is a newly derived EBV-
positive NPC line originally derived from recurrent patient
biopsy xenografts. NP69 is an SV40 T antigen immortalized
normal nasopharyngeal epithelial cell line. We performed the
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screen in C666-1 and NP69 cells to identify genes essential for
C666-1 but dispensable for NP69 cells. We then validated some
of the hits with the additional NPC cell line C17.

The MYST family of lysine acetyl transferases has four mem-
bers: KAT5, KAT6A/B, KAT7, and KATS8. Both KAT7 and
KATS8 were required for C666-1 and C17 cells but dispensable
for NP69 cell growth and survival. A recently developed
KAT6A inhibitor was effective in inducing senescence and
inhibiting tumor growth (27). KAT7 can form complexes with

SASBMB

different scaffold proteins to acetylate both H3K14 and H4KS5,
H4K8, and H4K12 (28). BRD1 can bridge histone and KATs
(29). The BRD family member BRD4 is a well-characterized
drug target that can specifically block cancer super-enhancers
(SEs) (30). There is no small-molecule inhibitor that specifically
blocks BRD1, even though a small-molecule inhibitor that inhibits
both BRD1 and TAF]1 is available. MEAF6 and BRPF1 were also
scored in the screen and validated in both C666-1 and C17 cells.
BRPF1 mutation causes defects in histone acetylation (31).
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Because multiple components of the same pathway were scored in
the screen, it is likely that this pathway is truly essential for NPC.

Multiple components of the NF-kB pathway were scored in
the screen and validated in multiple NPC cell lines. These data
further corroborate genetic studies that identified activating
mutations in primary NPC biopsies (9). NF-«B provides sur-
vival signals to cancer cells (32). NPC SEs are enriched for
NE-«B motifs, suggesting that NF-«B subunits are important
transcription factors that cause SE formation (14). Interest-
ingly, many of the NF-«B signaling molecules were also linked
to NPC SEs. These may generate a positive feedback loop to
increase NF-kB activity.
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The purine synthesis pathway generates purine residues
essential for DNA replication. MTX and methcapurine are old-
er-generation drugs with great toxicity. MTX was used to treat
NPC before in pediatric NPC and in combination with other
chemotherapy drugs in adult NPC (33-35). If there is a newer
generation of drugs available with less toxicity, or the potential
to combine these drugs with other therapies, targeting this
pathway may lead to improved patient outcomes.

Aerobic glycolysis (the Warburg effect) provides the addi-
tional energy needed for rapid cancer growth. The glucose
transporter SLC2A1 transfers extracellular glucose into cancer
cells. EBV LMP1 can increase SLC2A1 expression in both B
cells and epithelial cells (23, 36). Our screen confirmed that
SLC2A1 was essential for both C666-1 and C17 cell growth but
dispensable for NP69 cells. Because the Warburg effect is seen
in cancer cells but not in normal adult cells, targeting SLC2A1
may lead to a new therapy.

Linear ubiquitination provides another layer of regulation of
the NF-«kB pathway (24). Interestingly, factors enhancing linear
ubiquitination and decreasing linear ubiquitination were both
scored in the screen. These data suggest that the balance
between the two signal components is critical for continuous
NPC cell growth (37).

TP53 and PI3K pathways are frequently mutated in NPC (9).
Our screen identified components of these two pathways to be
essential for NPC cell growth. Even though it is difficult to tar-
get TP53 itself, it has been shown that it is possible to inactivate
TP53 by regulating the activity of proteins responsible for
degrading TP53 through the ubiquitination pathway. MDM2 is
an TP53 E3 ubiquitin ligase. Small-molecule inhibitors are
available to inactivate MDM2. PI3K pathway inhibitors are also
under active investigation. It is possible that one of the inhibi-
tors will have a great inhibitory effect on NPC cell growth.

We identified several pathways critical for NPC cell growth
invitro. Some are newly identified dependency factors, whereas
others further corroborate previous studies. These NPC
dependency factors are ideal targets for synthetic lethality stud-
ies. Because many of the existing NPC treatments are very toxic,
selectively targeting NPC-specific pathways may lead to better
therapies and improve treatment outcomes.

Experimental procedures
Cell lines

C666-1 and C17 are EBV-positive NPC cell lines (38). NP69
is a SV40 T antigen immortalized normal nasopharyngeal epi-
thelial cell line. C666-1 and C17 cells were grown in RPMI 1640
medium supplemented with 10% fetal calf serum, 1 mm glutamine,
100 units/ml streptomycin, and 100 mg/ml penicillin. C17 cells
were also supplemented with ROCK inhibitor Y-27632 at 4 um.
NP69 cells were grown in keratinocyte-SFM medium supple-
mented with epidermal growth factor and bovine pituitary
extracts.

CRISPR screens

The C666-1 and NP69 cell lines were used for a genome-wide
CRISPR screen to identify NPC-essential genes. The Brunello
library containing sgRNAs targeting 19,114 host genes was
obtained from Addgene (73178). The library was electropo-

SASBMB



rated into STBL4-competent cells for plasmid amplification.
Extracted plasmids were then sequenced to measure the cover-
age distribution of sgRNAs per gene. More than 90% of the
library was recovered in the amplification. The library was
transfected with VSVG and PsPAX2 plasmids using TransIT
transfection reagents (Mirus Bio) into four 150-mm dishes of
293T cells at 60% confluency. 24 h after transfection, cells were
replenished with fresh medium to allow for lentiviral produc-
tion. Lentiviruses were harvested twice, at 24 h and 48 h after
medium change. For each replicate, 130 million Cas9-express-
ing C666-1 and NP69 cells were infected with lentiviruses at a
multiplicity of infection of 0.3 to ensure that each cell received
an average of one sgRNA containing virus. Infection was done
in four 12-well plates per replicate. The cells were then spun at
300 X gfor 2 hat 30 °C in the presence of 4 pug/ml Polybrene to
increase transduction efficiency. After infection, plates were
returned to the 37 °C incubator for another 6 h before reseeding
in a T175 large flask at 10% confluency. 48 h later, cells were
selected with puromycin at 3 ug/ml. The medium was changed
every 3 days, and cells were passaged once a confluency of 80%
was reached. At least 40 million cells were passaged out each
time to maintain adequate sgRNA library complexity.

After 28 days, cells were harvested, and genomic DNA was
extracted by using the Blood and Cell Culture DNA Maxi
Kit (Qiagen) according to the manufacturer’s instructions.
Extracted DNA was then used as a PCR template for sgRNA
amplification. Multiple PCRs covering all genomic DNAs were
performed according to protocols from the Broad Institute
(https://portals.broadinstitute.org/gpp/public/resources/
protocols).” Each PCR mixture contained 10 pg of genomic
DNA, 1.5 ul of Ex Taq polymerase, 10 ul of 10 X reaction buffer,
8 ulof ANTP, 0.5 ul of P5 primer mixture (100 um), and 10 wul of
P7 primer (5 uMm) and was topped up to 100 ul with nuclease-
free water. The PCR conditions were as follows: step 1, 95 °C for
1 min; step 2, 95 °C for 30 s; step 3, 53 °C for 30 s; step 4, 72 °C for
30 s; step 5, repeat steps 1—4 for a total of 28 cycles and a final
extension at 72 °C for 10 min. Amplified sgRNAs were purified
with AMPure XP-beads (Beckman Coulter) according to the
manufacturer’s instructions. Samples were then sequenced on
the [llumina Nextseq platform (1 X 75 bp) at the Harvard Bauer
Core Facility.

CRISPR screen analysis

Analysis of the CRISPR screen was performed with
model-based analysis of genome-wide CRISPR-Cas9 knock-
out (MAGeCK) as described previously (19, 39). Downstream
data visualization and B score cutoffs were done with
MAGeCKeFlute. Based on both biological replicates, a single 3
score for each gene was computed, and its distribution was
normalized based on known essential genes to avoid experi-
mental bias, such as different cell cycle progressions. For each
gene, a positive B score indicates a positive selection, whereas a
negative 3 score indicates negative selection. Differential 3
scores between C666-1 and NP69 cells were computed using a
cutoff of 2.5 X S.D. around the mean S8 score of each condition.
Genes that fell within each cutoff were counted and extracted.
These genes fell into four groups: group 1 (selected for in
C666-1 cells), group 2 (selected for in NP69 cells), group 3
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(selected against in C666-1 cells), and group 4 (selected against
in NP69 cells).

Pathway analysis using KEGG and GSEA was performed on
differentially selected genes in each group. The 8 scores for
each gene within the pathway for each condition were colored
onto the KEGG Pathway map using Pathview (40).

CRISPR knockout

For hit validation, individual gene CRISPR knockout was
performed with single sgRNAs from the Brunello library. In
brief, sgRNAs targeting genes of interest were synthesized,
annealed, and cloned into the pLentiGuide-Puro vector accord-
ing to protocols from the Broad Institute. Cloned sgRNAs were
packaged into lentiviruses exactly as described for the pooled
CRISPR screen above. The harvested virus was filtered through
a 0.45-um filter before transducing the target cell. 48 h after
infection, fresh medium containing 3 pg/ml puromycin was
changed to select transduced cells for 3 days. Cells were then
allowed to grow out for another 3-7 days before examining
knockout efficiency by Western blotting and downstream
assays.

Western blots

Cells were harvested and washed once with PBS, and cell
pellets were resuspended with PBS. 6 X SDS loading buffer was
added to the cell suspension, followed by a brief sonication, and
then boiled at 100 °C for 5 min before loading onto a SDS-
PAGE gel. Protein was resolved by SDS-PAGE and transferred
to an NC membrane at 100 V for 1 h. The membrane was then
blocked with 5% nonfat milk with shaking at room temperature
for 30 min and then incubated with a primary antibody target-
ing the protein of interest overnight at 4 °C. The next day, blots
were washed with TBS-T (20 mm Tris, 150 mM NaCl, 0.1%
Tween 20, pH 7.5) three times before incubation with HRP-
labeled secondary antibody with shaking at room temperature
for 1 h. Blots were developed with ECL chemiluminescence and
imaged on a Carestream workstation.

cDNA rescue

cDNA rescue constructs in which protospacer adjacent
motif (PAM) sequences of the sgRNA of interest were site-
mutated to prevent Cas9 targeting while preserving protein
amino acid sequence. DNA was synthesized by GenScript and
cloned into the PLX-TRC313 vector, which contains a V5 tag
and the hygromycin selection marker. Rescue and empty con-
structs were then packaged into lentiviruses as described above
and used to infect target cells, followed by subsequent hygro-
mycin selection. cDNA expression was confirmed by Western
blotting for V5. Both control and rescue cDNA groups were
used for further CRISPR knockout experiments with the
sgRNA of interest. The sequences used for KAT7 are included
in Table S1, with the mutated PAM sequences marked.

Cell growth assays

After 3 days of puromycin selection, cells were counted, and
the same number of cells were seeded to attain ~10% conflu-
ency in 6 well plates. Cells were then allowed to grow out and
passaged when they reach a confluency of 80% before harvest-
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ing for cell number quantification. Growth curves were drawn
based on the cell number obtained from each time point. A
CellTiter-Glo® Luminescent Cell Viability Assay (Promega)
was used to determine the relative number of viable cells under
each condition, according to the manufacturer’s instructions.
Briefly, cells were harvested and resuspended with 1 ml of PBS
in a 1.5 ml Eppendorf tube. 30 ul of cell suspension was drawn
from each tube and transferred to a 96-well white plate. 30 ul of
premixed CellTiter-Glo® reagent was added to the plate and
shaken at room temperature for 2 min. Plates were then rested in a
dark room for 10 min before spectral measurements with the
SpectraMax workstation (Molecular Devices). Results are shown
as relative luminescence normalized to the control group.

ICs,

Two days before treatment, cells were seeded into 96-well white
plates at a concentration of 3000 cells/well for C666-1 and C17
cells or 1000 cells/well for NP69 cells. On day 0, media were
replaced with fresh media containing the small inhibitors VIII
(ApexBio, A3485), BAY876 (Sigma, SML1774-5MG), MTX
(Sigma, A6770-100MG), and Nutlin3A (Sigma, SML0580-5MG).
IC,, values were determined from dose-response curves from
three replicates at each inhibitor concentration: 10 uM, 5 uM, 2.5
uM, 1.25 uM, 625 nM, 312.5 nM, 156.25 nm, 78.13 nm, and 39.06
nM. Cell growth was determined by Cell Titer-Glo assay after treat-
ment for 3 days. 0.1% DMSO was used for all controls.

Glucose withdrawal assay

NP69, C666-1, and C17 cells were first passaged and cultured
with normal medium. Three days later, the medium was
changed to RPMI 1640 medium containing 10% dialyzed FBS, 2
mM L-glutamine, and 100X penicillin—streptomycin (Gibco) in
the presence or absence of 20 mm glucose. Cells were allowed to
grow for another 3 days before pictures were taken under a
bright-field microscope.

Statistical analysis

The MAGeCK approach and software package were used to
identify essential genes from the CRISPR screes (19). In short,
the read counts from the four samples (two cell lines, C666-1
and NP69, with two biological replicates each) were median-nor-
malized based on sgRNA read counts. Next, sgRNA mean-vari-
ance modeling was performed using a negative binomial model to
estimate the significance of each sgRNA in treatment and control
samples. The sgRNAs were then ranked by their p values, and the
gene essentiality was calculated with MAGeCK-mle.

The output of the above is a 8 score for each gene, where a
positive B score indicates a positively selected gene (and,
inversely, a negative 3 score indicates a negatively selected
gene). This score is analogous to “log -fold change” used com-
monly in differential expression contexts. The 8 score allows
direct comparison of experimental conditions. Finally, the 3
scores of previously identified genes indispensable for cell sur-
vival were used to normalize the B score distribution between
the two conditions. Statistical significance calculated between
treatment and control cells in growth assays were computed via
a one-sided Student’s £ test.
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