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MYC controls the transcription of large numbers of long noncoding
RNAs (IncRNAs). Since MYC is a ubiquitous oncoprotein, some of
these IncRNAs probably play a significant role in cancer. We applied
CRISPR interference (CRISPRi) to the identification of MYC-
regulated IncRNAs that are required for MYC-driven cell pro-
liferation in the P493-6 and RAMOS human lymphoid cell lines. We
identified 320 noncoding loci that play positive roles in cell
growth. Transcriptional repression of any one of these IncRNAs
reduces the proliferative capacity of the cells. Selected hits were
validated by RT-qPCR and in CRISPRi competition assays with
individual GFP-expressing sgRNA constructs. We also showed
binding of MYC to the promoter of two candidate genes by
chromatin immunoprecipitation. In the course of our studies, we
discovered that the repressor domain SID (SIN3-interacting domain)
derived from the MXD1 protein is highly effective in P493-6 and
RAMOS cells in terms of the number of guides depleted in library
screening and the extent of the induced transcriptional repression.
In the cell lines used, SID is superior to the KRAB repressor
domain, which serves routinely as a transcriptional repressor
domain in CRISPRi. The SID transcriptional repressor domain is
effective as a fusion to the MS2 aptamer binding protein MCP,
allowing the construction of a doxycycline-regulatable CRISPRi
system that allows controlled repression of targeted genes and will
facilitate the functional analysis of growth-promoting IncRNAs.
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embers of the MYC family of oncogenes (c-Myc [MYC],

N-Myc, and L-Myc) are ubiquitous transcriptional regu-
lators that are deregulated, translocated, or amplified in most
human cancers (1-4). Elevated MYC levels are often associated
with cancer aggressiveness and poor prognosis; however, therapies
directed against this important oncoprotein have yet to reach the
clinic (5-7). MYC plays a central role in the pathogenesis of
Burkitt’s lymphoma (BL), an aggressive type of non-Hodgkin’s
lymphoma that arises from germinal center B cells. A hallmark
of BL is the t(8,14) chromosomal translocation that brings the
MYC coding sequence under the control of Ig enhancers, lead-
ing to uncontrolled MYC overexpression (8-10).

MYC is a basic helix-loop-helix leucine zipper (bHLH-LZ)
protein that forms dimers with the small bHLH-LZ protein
MAX, which enables sequence-specific binding to the E-box
DNA element CACGTG or variants thereof (3, 11). Along with
transcriptional activators, the proximal MYC network also in-
cludes bHLH-LZ proteins that function as strong transcriptional
repressors (e.g., MXD family members). MXD-MAX dimers
compete with MYC for binding to the same DNA elements and
have the potential to counteract MYC activity on the same
transcriptional targets (3, 12, 13).

In addition to protein coding genes, MYC pervasively regulates
the expression of noncoding transcripts, including long noncoding
RNAs (IncRNAs) (14, 15). In mammalian genomes, the number of
IncRNA genes range in the tens of thousands, and their expression
is highly cell type-specific (16). There is mounting evidence that
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deregulation of IncRNA expression is directly involved in the
pathogenesis of cancer (17). Various molecular functions have
been ascribed to IncRNAs, including gene regulation in cis, reg-
ulation of mRNA stability, and modulation of protein function
(18-21); however, the functions of the vast majority of these
enigmatic transcripts are unknown.

We have previously shown that in the BL model cell line P493-6,
doxycycline (dox)-mediated inhibition of MYC expression from a
tet-OFF controlled transgene leads to significant changes in the
transcription of hundreds of noncoding RNAs (ncRNAs) (14).
Some of these (e.g., MIR17HG and DANCR) have been shown to
contribute to the oncogenic phenotypes induced by MYC over-
expression (22-24); however, most of the MYC-regulated non-
coding genes remain to be investigated. Modern gene engineering
technologies provide tools for systematic functional analysis of
genes, and such an analysis could help to select the most important
IncRNAs that mediate the effects of MYC.

The type II prokaryotic CRISPR/Cas9 adaptive immune system
is a powerful tool for RNA-guided site-specific DNA cleavage
(25). A single guide RNA (sgRNA) directs the nuclease Cas9 to
efficiently cleave targeted loci, which results in indels (insertion/
deletions) upon repair by nonhomologous end-joining. While in-
duced indels within open reading frames can disrupt translation of
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functional proteins, indels are less likely to affect the function of
most noncoding genes (26).

Paired guide RNAs along with Cas9 have been used in CRISPR
screens to delete IncRNAs; however, cloning of such libraries is
laborious, and large genomic deletions potentially affect nearby or
overlapping genes (26, 27).

An alternative is catalytically inactive Cas9 (dCas9) fused to
effector domains that can be used as RNA-guided transcriptional
regulators to activate (CRISPRa) or inhibit (CRISPRi) the ex-
pression of endogenous genes. These CRISPR tools have been
successfully used in large-scale functional genomic screens to
interrogate noncoding loci (28, 29).

Here we designed an sgRNA library to target the transcription
start sites (TSSs) of MYC-regulated noncoding genes in human
B cells. Pooled library screens using dCas9 fused to the highly
effective transcriptional repressor domain of MXD1 identified
noncoding loci that are required for robust growth of the human
lymphoid cell line P493-6 (30) and the BL cell line RAMOS (31).
This study also provides additional tools based on CRISPRIi to
facilitate genetic perturbation of noncoding targets. The inves-
tigation of IncRNAs that mediate oncogenic MYC functions will
deepen our understanding of the roles of MYC in cancer.

Results

Effective CRISPRi for Noncoding MYC Targets. For functional
knockout of IncRNAs, we first tested whether gene expression can
be prevented by deleting sequences surrounding the TSS of a
noncoding target. Expression of Cas9 along with paired sgRNAs
eliminated portions of the MALATI proximal promoter but had
little effect on RNA expression (SI Appendix, Fig. S1 A-C). Lack of
robustness, low deletion efficiency, and challenges in library prep-
aration of paired sgRNA vectors prompted us to abandon this
approach and instead use CRISPRI for the systematic identification
of essential MYC-regulated IncRNAs. We designed and produced
a CRISPR/sgRNA library to target sequences surrounding the TSSs
of 508 noncoding genes whose expression levels respond to
changing MYC levels in the human lymphoid cell line P493-6 (14,
32). As controls, we included 100 MYC-regulated coding genes, as
well as 14 genes known to code for proteins that are essential for
cell survival and proliferation (essential control genes). We also
included 100 nontargeting (NT) guide sequences as negative con-
trols. Stringent selection criteria, detailed in Materials and Methods,
were applied to select up to 10 guides per gene. The resulting
MYCncLibrary consisted of 5,708 individual sgRNAs (Dataset S1),
and the guide sequences were cloned into lentiviral vectors for
pooled expression in human cells. Pooled library screens were used
to interrogate individual loci for their impact on MYC-mediated
cell proliferation.

For these experiments, we used the BL cell line RAMOS in
addition to P493-6. RNA-sequencing (RNA-seq) analysis
showed that in these two lymphoid cell lines, the expression of
coding and noncoding genes strongly overlaps, and that 83% of
the genes targeted by the MYCncLibrary were also expressed in
RAMOS cells (SI Appendix, Fig. S24 and Dataset S2) (32-34).

For the initial library screen, RAMOS cells stably expressing
dCas9 fused to the transcriptional repressor domain KRAB of
ZNF10 (dCas9-KRAB) along with parental RAMOS cells (no
dCas9 expression) were transduced with a lentiviral pool of the
MYCncLibrary. The cells were selected for their ability to survive
and proliferate for 14 d, after which the genomic DNA was isolated
and the PCR-amplified libraries were subjected to next-generation
sequencing, a competition assay comparing sgRNA abundance
in dCas9-KRAB-expressing cells with nonexpressing control
cells (35). Since CRISPRI resulted in the down-regulation of the
targeted loci, sgRNAs targeting genes involved in cell prolifer-
ation and survival were depleted. Comparing the dCas9-KRAB-
expressing cells with controls revealed remarkably few depleted
sgRNAs. The greatest changes were obtained for sgRNAs that
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target the protein-coding control genes EIF443 and DNM2 and
the noncoding loci CKMT2-ASI and ENSG00000263013 (Fig.
14 and Dataset S3).

The lack of effective depletion of sgRNAs that target essential
control genes led us to hypothesize that dCas9-KRAB-mediated
transcriptional repression was inefficient, likely due to low protein
expression (SI Appendix, Fig. S2B), and that identification of a
better suited repressor domain could lead to more effective re-
pression. KRAB zinc finger proteins constitute the largest group of
transcriptional repressors encoded by the human genome. KRAB
recruits TRIM28/KAP1, which acts as a scaffold for various
heterochromatin-inducing factors (Fig. 1B) (36-38). Based on this
knowledge, we used a proteomics approach, immunoprecipitating
TRIM28 from P493-6 cell extracts and identifying associated
proteins by mass spectrometry (SI Appendix, Fig. S2C). When
ranked by numbers of identified peptides over control, the KRAB
domain-containing proteins POGK and ZNF595 were atop the list
of TRIM28-binding proteins (Dataset S4). Their KRAB domains
(kPOGO and k595) were fused to dCas9. Because of the high
expression and strong TRIM28 binding of dCas9-kPOGO (Fig. 1B
and SI Appendix, Fig. S2 B and D), this fusion construct was used
for CRISPRI library screens in RAMOS and P493-6 (35). Com-
pared with control cells, dCas9-kPOGO led to the depletion of
essentially the same sgRNAs as dCas9-KRAB, also failing to
perturb most essential control genes (Fig. 1C; SI Appendix, Fig.
S2F; and Dataset S3).

Because of the modest success from using KRAB domains in
CRISPRI, we decided to test an unrelated small repressor peptide,
the SIN3 interacting domain (SID) of MXD1 (Fig. 1D) (12, 13).
We fused the 31-aa SID to the C terminus of dCas9 and obtained
robust dCas9-SID expression, as analyzed by immunoblotting (S/
Appendix, Fig. S2B). Co-immunoprecipitation (co-IP) experiments
confirmed dCas9-SID binding to the corepressor SIN3A in both
RAMOS and P493-6 cells (Fig. 1D). dCas9-SID—expressing cells
were subjected to CRISPRI library screens as described above
(35). The use of dCas9-SID in these screens caused significant
depletion of guides targeting 12 of the 14 essential control genes in
the MYCncLibrary, suggesting that in this experimental setting
SID is more effective in repressing gene expression than KRAB.
In addition, a large number of guides targeting MYC-regulated
ncRNAs were depleted with dCas9-SID in both cell lines (Fig. 1E
and Dataset S3).

The SID Repressor Domain Is an Important Addition to the CRISPRi
Toolbox. We compared the performance of the two repressor
domains SID and KRAB in the CRISPRI screens. Fold changes
(FCs) of the most depleted genes with dCas9-KRAB were plotted
against those of dCas9-SID (Fig. 24). Setting a two FC depletion
cutoff, five genes were affected by both repressor domains, three
were specific for KRAB, and 219 guides were depleted by SID
only. The absolute FC values in the dCas9-SID library screen were
significantly higher than those achieved with dCas9-KRAB (Fig.
24). We then validated the CRISPRi-mediated knockdown of se-
lected genes—DNM?2, MALATI, SNHG17, SNORA71A, SNHG26
and ZNF433-AS1—in RAMOS with both repressor domains by
RT-gqPCR. dCas9-KRAB-induced repression varied among the
different genes, from strong for MALATI, to ~30% compared with
an NT guide, to not significant for the small nucleolar host gene
SNHG17 and its encoded small nucleolar RNA SNORA7IA. In
this analysis, SID significantly affected the expression of all tested
genes, including SNHG17 and SNORA71. KRAB led to stronger
perturbation of MALATI expression compared with SID.
Another interesting finding of this expression analysis was the
modest transcriptional inhibition of some essential control genes.
For example, guides targeting the protein-coding gene DNM?2
were highly depleted in all CRISPRI screens, yet according to
RT-qPCR data, CRISPRi-mediated inhibition with both KRAB
and SID was relatively weak (Fig. 2B). One possible explanation
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Fig. 1.

Improved CRISPRi for MYC-regulated noncoding genes. (A) Pooled MYCncLibrary screen using the ZNF10 KRAB domain fused to dCas9 for CRISPRi.

CPM, counts per million of CRISPRi sample; CPMy, counts per million of control sample (RAMOS cells, no dCas9). (B) Schematic depiction of KRAB-mediated
recruitment of the corepressor TRIM28 and histone-modifying enzymes (HMEs) to induce transcriptional repression (Upper), and co-IP experiments to confirm
TRIM28 binding to dCas9-KRAB and dCas9-kPOGO (Lower). Two lanes of the blot were removed (position indicated by dotted line); the original blot is shown
in the S/ Appendix, Fig. S2D. 1B, immunoblot; IP, immunoprecipitation; kPOGO, KRAB domain of POGK. (C) Pooled MYCncLibrary screen using kPOGO fused to
dCas9 for CRISPRi. (D) Schematic depiction of SID-mediated recruitment of the corepressor SIN3A and HMEs to induce transcriptional repression (Upper), and
co-IP experiments to confirm SIN3A binding to dCas9-SID (Lower). SID, SIN3A-interacting domain. (E) Pooled MYCncLibrary screen using dCas9-SID for CRISPRi

in RAMOS and P493-6 cells.

for this phenomenon could be selection against cells with strong
transcriptional repression occurring between lentiviral trans-
duction and RNA isolation.

We compared the CRISPRi results of the P493-6 and RAMOS
cell lines. Of the genes whose targeting guides showed more than
two FCs in the CRISPRI screens, 109 were depleted in both cell
lines, 105 were depleted in RAMOS only, and 77 were affected
only in P493-6. Since the MYCncLibrary was designed to target
IncRNAs of P493-6, the genes specifically depleted in RAMOS
would ipso facto be expressed in P493-6. Of the P493-6-specific
depletions, the major fraction (84%) was expressed in RAMOS.
These data show that the effectiveness of dCas9 repression con-
structs is influenced not only by the repression domains, but also
by the cellular environment. Comparing sequences of the best-
performing guides from the SID-CRISPRI screen with all guides
in the library showed a strong sequence preference toward the 3’
end of the sgRNA next to the protospacer adjacent motif (PAM),
where purines (especially Gs) were favored over pyrimidines (es-
pecially Ts) (SI Appendix, Fig. S2F). This finding could be helpful
in the design of future libraries using dCas9-SID CRISPRI.

Identification of MYC-Regulated Noncoding Loci with Oncogenic Functions.
The sgRNAs significantly altered in abundance in our CRISPRI
screens are MYC-regulated ncRNAs that have a role in cell pro-
liferation. In both cell lines, the CRISPRi screen with dCas9-SID
primarily caused depletion of sgRNAs, with only a few showing en-
richment (Fig. 1E). The MYCncLibrary includes positive controls
targeting essential coding genes and negative control sgRNAs that do
not have corresponding sequences in the human genome and
remained unchanged in abundance (Dataset S3). A selection of the
genes targeted by most depleted sgRNAs in the screen is presented
in Table 1. Among the candidates putatively necessary for cell sur-
vival or proliferation are known cancer-relevant IncRNAs,
such as MIRI7HG, NEATI, and DANCR (22, 24, 39). Most of the
top hits are identical in the P493-6 and RAMOS screens; exceptions
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are SNHG26 and SNHGS5, whose sgRNAs were strongly depleted in
the P493-6 screen but not in the RAMOS screen, and ERVKI3-1,
which was specific for RAMOS (Table 1).

To confirm the role of top hits in cell proliferation, selected
guide sequences were cloned into GFP-expressing lentiviral
guide vectors, thereby marking the guide sequence for fluores-
cent detection (40). dCas9-SID-expressing P493-6 and RAMOS
cells were transduced at low multiplicity of infection with such
GFP lentiviral guide vectors targeting a specific gene candidate
and grown for 14 d. Guides that repress genes important for cell
proliferation cause transduced cells to proliferate at a reduced
rate, limiting the fraction of GFP-expressing cells over time. As a
positive control, a guide targeting the essential control gene
DNM?2 was included in this experiment, and a nontargeting guide
served as a negative control. Guides targeting IncRNA hits from
the library screen reduced the fraction of GFP-expressing cells
over time, as did the guide targeting DNM2 (Fig. 3; additional
targets shown in SI Appendix, Fig. S3). These data support the
conclusion that the sgRNAs depleted in the CRISPRIi screens
target genes required for proliferation in these MYC-driven
cell lines.

The CRISPRI hits include several antisense RNAs. This raises
the question of whether corresponding sense RNA modulation is a
consequence of the down-regulation of the antisense RNA (41-43).
We have examined several examples of such sense-antisense pairs.
One of the top CRISPRI hits, RAD51-AS1, shares its promoter
with the sense gene R4AD51, and guides targeting the RAD51-AS1
promoter also affect the expression of RAD51 (SI Appendix, Fig. S4
A and B). Published genome-wide CRISPR/Cas9 screens suggest
that RADS5]1 is an essential gene in many cell types, including the
BL cell lines Raji and Jiyoye (44, 45). In contrast, ZNF433-AS1 and
TTN-ASI are in a tail-to-tail orientation relative to their corre-
sponding sense genes ZNF433 and TTN with their 3’ ends partially
overlapping with the coding gene. In this orientation, the sense and
antisense genes have independent promoters (SI Appendix,
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Fig. 2. Comparison of repressor domains and CRISPRi screens. (A) Screening
results of dCas9-KRAB and dCas9-SID in RAMOS were compared based on
best-performing guides per gene. (B) RT-gPCR experiments to test CRISPRi-
mediated transcriptional inhibition of selected candidate genes in RAMOS
stably expressing dCas9-KRAB or -SID fusion proteins along with gene-spe-
cific sgRNAs or nontargeting (NT) guides. (C) Comparison of dCas9-SID
screening results between P493-6 and RAMOS based on the best-performing
guides per gene. Mean + SD of three replicates. ***P < 0.001; **P < 0.01;
*P < 0.05; ns, not significant. FC, fold change.

Fig. S44). RNA-seq data revealed that ZNF433 is not expressed
in P493-6 or in RAMOS (Dataset S2), and published genome-wide
CRISPR/Cas9 screens suggest that this gene is dispensable for
cell proliferation and survival (44, 45). In P493-6 cells expressing
dCas9-SID, an sgRNA targeting TTN-AS! strongly reduced ex-
pression of the noncoding gene but had no impact on expression
of the protein-coding TTN gene (SI Appendix, Fig. S4B). These
data suggest that although ZNF433-AS1 and TTN-ASI overlap
with coding genes, it is unlikely that the sgRNA-induced growth
inhibitory phenotype is caused by perturbation of the overlapping
coding genes.

Characterization of Selected Candidate Genes. Guides targeting the
small nucleolar RNA host gene SNHGI7 were consistently de-
pleted from the library on phenotypic selection in P493-6 and
RAMOS cells. The importance of SNHG17 for proliferation or
survival was also validated in CRISPRi competition assays using
flow cytometry. At its genomic locus, SNHGI7 is well separated
from other genes; the closest neighbor is SNHGI1. The TSSs of
SNHG17 and SNHG11 are separated by 10 kb, making it unlikely
that SNHG17-targeting guides directly affect the expression of
SNHGI1 or any other genes. Furthermore, guides directed against
SNHG11 were not significantly depleted in the library screens
(Dataset S3), suggesting that the growth-inhibitory effect induced
by sgRNAs targeting SNHG17 in CRISPRi are unlikely to be
caused by distal regulatory effects on its genomic neighborhood.
Similar considerations apply to SNHG26, another small nucleolar
RNA host gene and top candidate in the P493-6 CRISPRIi screen.

To determine whether SNHG17 and SNHG26 are direct transcrip-
tional targets of MYC, we performed chromatin immunoprecipitation
(ChIP) assays for MYC binding. Both genes have a canonical
(5’-CACGTG-3’) and a noncanonical (5-CGCGTG-3') MYC
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E-box directly adjacent to their TSSs (SI Appendix, Fig. S4C). ChIP-
gPCR experiments with MYC-specific antibodies revealed strong
enrichment of SNHG17 and SNHG26 promoter sequences over
IgG control in P493-6 and RAMOS cells (Fig. 44). No ChIP en-
richment over IgG was obtained at 24 h after dox-mediated MYC
repression in P493-6 cells. Cellular RNA levels of both host genes were
dramatically decreased in P493-6 cells at 24 h after the addition of dox,
as quantified by RT-qPCR (Fig. 4B). Taken together, these results
indicate that SNHG17 and SNHG26 are directly bound by MYC in
their promoter regions and are direct transcriptional targets of MYC.

In addition, we analyzed MYC ChIP-seq data of P493-6 at
low and high MYC levels and found MYC enrichment at the
TSSs of most library target genes. Strong ChIP-seq signals were
obtained for genes that are up-regulated by MYC in P493-6.
When genes were ranked by sgRNA depletion on library
screens in P493-6, we found that many of the target loci that led
to strong guide depletion have stronger MYC binding to their
proximal promoters than genes with low sgRNA depletion (S/
Appendix, Fig. S4D).

We then determined the subcellular localization of these
candidate transcripts. To this end, RNA was isolated from the
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Fig. 3. Validation of selected candidates from the library screen. Competition-
based CRISPRi assays using GFP-expressing sgRNA vectors in P493-6 and
RAMOS. GFP-positive cells were quantified by flow cytometry at the indicated
time points. Data are mean + SD of three replicates. *P < 0.05; **P < 0.01;
***%P < 0.001; ns, not significant, unpaired t test.
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Table 1. Selected hits from the CRISPRi screen with SID
P493-6 RAMOS
Gene log,FC P value log,FC P value
Protein coding
DNM2 -8.35 4.64E-186 -4.15 2.92E-138
EIF4A3 -5.88 1.03E-235 -3.70 5.54E-133
RPL18A —-4.17 8.17E-94 -2.79 1.49E-42
Noncoding
ENSG00000267169 -5.85 1.70E-85 -3.46 6.10E-60
RAD51-AS1 -5.36 1.23E-90 -2.82 3.74E-49
TPTEP2 —4.72 4.35E-69 -1.86 3.21E-25
CKMT2-AS1 -4.70 3.69E-110 -2.92 1.56E-59
SNHG17 -4.16 7.75E-88 -2.26 2.41E-56
SNAI3-AST -3.87 3.66E-47 -3.44 2.07E-55
ENSG00000254887 -3.80 3.19E-42 -2.01 4.07E-20
ENSG00000263013 -3.69 2.60E-51 -2.98 1.19E-24
ZNF433-AS1 -3.63 1.34E-39 -2.41 1.13E-35
MIR17HG -3.41 5.76E-99 -1.74 3.60E-24
SLC7A5P1 -3.37 3.87E-34 -3.33 2.45E-43
LINC00476 -3.32 1.72E-101 -2.16 1.66E-43
NEAT1 -3.14 3.73E-61 -2.15 3.87E-46
SNHG26 -3.10 9.84E-132 -0.93 7.96E-21
SNHG5 -3.08 3.84E-135 -0.60 9.53E-06
ENSG00000226944 -2.90 2.39E-26 -2.48 7.97E-36
ENSG00000245904 —2.86 6.69E-130 -1.64 1.71E-56
KMT2E-AS1 -2.85 9.94E-39 -1.90 2.66E-33
ENSG00000272831 -2.85 6.48E-59 -2.10 2.61E-27
TTN-AS1 -2.81 2.35E-82 -1.29 3.30E-23
KRT8P46 -2.79 6.96E-15 -3.15 7.07E-30
ENSG00000273451 -2.61 9.26E-56 -2.96 1.05E-23
DANCR —1.50 4.18E-60 -2.25 7.29E-32
ERVK13-1 -0.57 1.98E-03 -2.53 6.12E-38

Numbers refer to the most-depleted guide per gene.

cytoplasmic and nuclear fractions of P493-6 and RAMOS and
subjected to RT-qPCR analyses. The primarily cytoplasmic
GAPDH mRNA and the nuclear IncRNA MALATI were in-
cluded in the analysis to confirm successful cell fractionation.
The SNHG17-encoded small nucleolar RNA SNORA71A was
highly enriched in the nucleus (Fig. 4C). Nuclear enrichment was
also found for the transcript of its host gene and for SNHG26.
An orthogonal approach to depleting IncRNAs is RNA in-
terference (RNAi). RNAi-mediated knockdown is especially ef-
fective against transcripts that localize to the cytoplasm (46), which
is the case for ZNF433-AS1 (Fig. 4C). We designed short hairpin
RNAs (shRNAs) directed against this transcript and prepared
lentiviral constructs for stable expression. To test their impact on
proliferation and survival in P493-6, we used GFP-expressing
shRNA vectors and followed the fate of fluorescent cells during
proliferation by flow cytometry, similar to the CRISPRi approach
depicted in Fig. 3. Both ZNF433-AS1-targeting shRNAs and a
positive-control hairpin targeting the MYC transcript were sig-
nificantly depleted at 10 d after lentiviral transduction compared
with control shRNA. Knockdown of the ncRNA and the MYC
mRNA was independently confirmed by RT-qPCR (Fig. 4D).

MS2 Aptamer-Mediated Recruitment of SID for Regulatable
Transcriptional Control. Modified sgRNAs with hairpin aptamers
attached to the tetraloop and stem loop 2 of the sgRNA have
been used as scaffolding molecules to anchor effector domains
for modulation of endogenous gene expression (28, 47). The
MS2 coat protein (MCP) binds with high selectivity and high
affinity to the MS2 RNA aptamer (48), and MCP fused to
transcriptional activator domains have been shown to effectively
up-regulate gene expression (28, 47). In contrast, MCP fused to the
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KRAB repressor domain was ineffective at mediating transcrip-
tional inhibition, presumably due to MCP dimerization (49). We
hypothesized that SID would not be affected by this restriction and
would be capable of acting as a repressor when fused to the MCP
protein. To test this possibility, we prepared a lentiviral vector for
expression of MCP-SID (Fig. 54).

The capacity of MCP-SID to mediate transcriptional repression
was tested in a library screen using RAMOS cells stably expressing
dCas9-KRAB and MCP-SID. This was possible because the
MY CncLibrary consists of lentiviral constructs that express sgRNAs
with the necessary MS2 aptamers in their scaffold. The depletion
efficiency of sgRNAs from the library was comparable to that of the
dCas9-SID CRISPRI screen (Fig. 5B) (35). In this experiment, the
sgRNA-dCas9 ribonucleoprotein complex contained both re-
pressor domains, KRAB and SID. As discussed previously,
using dCas9-KRAB alone leads to the depletion of only a few
sgRNAs in the CRISPRI library screen (Fig. 14); therefore,
further increases in sgRNA depletion are attributable to MCP-
SID. This screen identified many of the essential coding and
noncoding genes seen in the RAMOS/dCas9-SID screen (Fig.
5C and Dataset S3), suggesting that MCP-SID recruited via
MS?2 aptamers on the sgRNA is a near-functional equivalent of
the dCas9-SID fusion protein.

Encouraged by these results, we decided to test whether this
system can also be used for conditional CRISPRI. To this end, we
cloned the MCP-SID coding region into the pLVX-TetOne-Puro
vector for dox-inducible expression (SI Appendix, Fig. S54). This
vector was transduced into RAMOS cells, and subsequent im-
munoblotting experiments confirmed the induction of MCP-SID
expression at 24 h after dox addition, while in the absence of
dox, no fusion protein was detected with antibodies directed
against MCP (SI Appendix, Fig. S5B). Stable expression of
dCas9 and sgRNAs directed against the TSS of SNHG17 or
ZNF433-AS81, along with dox-induced expression of MCP-
SID, led to transcriptional inhibition of the targeted genes,
causing inhibition of cell proliferation. No significant in-
hibitory effect on transcription and proliferation was obtained
in the no-dox control compared with an NT guide (SI Ap-
pendix, Fig. S5 C and D).

Discussion

Oncogenic alterations that cause increased MYC activity can be
found in numerous human cancers. A recent study found that across
the 33 tumor types included in The Cancer Genome Atlas, 28%
have amplifications of at least one of the MYC paralogs (4).
Transcriptional regulation by MYC extends beyond the coding
transcriptome. In fact, mounting evidence suggests that MYC con-
trols the expression of a large segment of the noncoding tran-
scriptome, and that transcripts derived from these loci are likely
contributors to MYC oncogenicity (14, 15, 22-24). The results of the
present study indicate that many of the MYC-regulated IncRNAs
are essential to the proliferation and survival of MYC-driven growth
in P493-6 and in the BL cell line RAMOS.

In the different experiments presented, a total of 320 indi-
vidual noncoding genes led to the depletion of sgRNAs by more
than two FCs when targeted by CRISPRi. Among these are
noncoding genes previously identified as MYC-targeted func-
tional RNAs, including DANCR and MIRI7HG. In addition, we
found that SNHG17, which was also previously identified as a
MYC-regulated noncoding RNA with broad expression in vari-
ous cancer types (24, 50, 51), has a proproliferative function in
P493-6 and RAMOS cells. Among the ncRNAs depleted, many
are directly adjacent to or share a promoter with a coding gene.
CRISPRI library screening does not provide direct evidence for
function of the noncoding RNA, but rather indicates that the
particular targeted locus is important for proliferation or sur-
vival. CRISPRi does not discriminate between the two tran-
scripts emanating from a bidirectional promoter. In these cases,
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further experiments are needed to elucidate the underlying
mechanism leading to guide depletion.

In applying CRISPRI in a systematic investigation of MYC-
controlled long noncoding genes, we discovered that the re-
pressor domain SID, derived from the MXD1 protein, is highly
effective in perturbing the transcription of MYC-regulated
noncoding loci. dCas9 fused to the SID of MXI (MXD2) has
previously been used for CRISPRI in yeast (52, 53), but not in
mammalian cells to our knowledge. MXD1 is a member of the
MXD family of transcriptional repressors. Their highly con-
served amino terminal SID directly interacts with one of four
paired amphipathic a-helical domains of SIN3 proteins. SIN3
forms large multiprotein complexes with chromatin-modifying
enzymes, including class I histone deacetylases (HDAC1 and
HDAC?2). These enzymes catalyze the deacetylation of histones
H3 and H4 in active chromatin, which is frequently associated
with transcriptional silencing. The exact molecular functions of
other SIN3-interacting proteins are not well understood, but

many of them have also been linked to transcriptional repression
and might be involved in MXD-mediated functions (3, 12, 13,
54-57). MXD1 acts as an endogenous antagonist of MYC by
repressing MYC-regulated genes. In the present study, dCas9-
SID-induced transcriptional inhibition occurred in the presence
of high MYC levels in P493-6 and RAMOS, suggesting that SID
exerts a dominant repressive effect, even on direct transcrip-
tional targets of MYC such as MIRI7HG, DANCR, SNHG17,
and SNHG26. ChIP experiments and expression analysis carried
out in this study indicate that SNHG17 and SNHG26 are directly
regulated by MYC.

In a surprising contrast, the standard CRISPRi repressor
peptide KRAB of ZNF10 did not cause effective depletion of
most targets in our screens. Initially, we had supposed that this
was a result of poor expression of the fusion protein, combined
with weak binding to the corepressor TRIM28. The KRAB
domain of POGK (kPOGO) fused to dCas9 was expressed at
high levels, and co-IP experiments confirmed that it bound
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Fig. 4. Characterization of SNHG17, SNHG26, and ZNF433-AS1. (A) ChIP-gPCR analysis of MYC binding to proximal promoters of indicated small nucleolar
host genes in P493-6 high (—dox) or low (+dox) MYC and in RAMOS cells. Dox was added 24 h before cross-linking. Control represents ChiIP signals from an
unrelated intergenic locus. Data are mean =+ SD of three replicates. (B) RT-qPCR analysis of indicated transcripts at high and low MYC in P493-6 with 24 h of
dox treatment. Data are mean + SD of three replicates. (C) Cytoplasmic/nuclear distribution of indicated transcripts determined by RT-qPCR after cell frac-
tionation. (Left) RNAs that are mainly cytoplasmic. (Right) Primarily nuclear transcripts. GAPDH and MALAT1 served as cytoplasmic and nuclear markers,
respectively. Data are mean + SD of three replicates. (D) GFP-expressing shRNA vectors targeting the indicated transcripts used in growth competition assays.
(Left) GFP-positive cells were quantified by flow cytometry at the indicated time points. (Right) shRNA-mediated knockdown was confirmed by RT-qPCR and
compared with a control (ctrl) hairpin. Data are mean + SD of three replicates. Statistical significance for day 10 was tested for targeting shRNAs relative to
ctrl-shRNA. **P < 0.01; ***P < 0.001, unpaired t test.
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TRIM28 more efficiently than dCas9-KRAB. However, its
performance in CRISPRi screens was comparable to that of
dCas9-KRAB.

SIN3 and TRIM28 protein complexes may cause transcrip-
tional repression through different mechanisms. Many genes
directly bound and regulated by MYC are also targets of MXD
family proteins, and these genes might be more susceptible to
SID-mediated repression (58). Whether the high effectiveness of
SID is general or unique to the selected targets or cell lines used
in this study remains an open question. Our work supports the
conclusion that CRISPRI screens need to use a diverse set of
transcriptional repressors, because a single repressor might not
provide a comprehensive set of results.

One of the main challenges in studying noncoding RNAs is the
lack of efficient loss-of-function strategies, especially for transcripts
that primarily localize to the cell nucleus (26, 59). Our study adds
useful tools to the CRISPRIi arsenal of techniques, applying
MS2 aptamers to allow SID to function as a synergistic re-
pressor with other repressor domains (e.g., KRAB) and placing
MCP-SID expression under the control of dox for conditional
repression of target genes. The latter technique in particular
will facilitate functional analysis of IncRNAs. On a general
scale, the methods applied and developed in this study open the
door to the investigation of coding and noncoding RNAs
identified by RNA-seq analysis as controlled by a specific
transcription factor.

By applying these cutting-edge technologies, we have identi-
fied several noncoding loci that not only are transcriptionally
controlled by MYC, but also are critically involved in mediating
oncogenic phenotypes. Additional studies are needed for in-
depth characterization of candidate genes to learn more about
their molecular and cellular functions and how they impact
MYC-driven phenotypes.

Materials and Methods

Design and Cloning of sgRNA Library. All noncoding RNA targets that are
differentially regulated by MYC (log,FC >0.5, P < 0.01) in P493-6 (14, 32) were
selected as potential targets (a total of 563 genes). In addition, we included
the 100 protein-coding genes most differentially regulated by MYC in P493-6
and the following genes as controls: RPL14, RPL5, RPL8, RPL18A, RPS26, CDK1,
DNM_2, EIF4A3, IARS, TFRC, TXNL4A, SF3B3, MYC, and JAG2. For the set of all
677 target genes, isoform abundance was determined from our RNA-seq data
using RSEM (60). All the potential isoforms that map to the gene were con-
sidered, and the dominant isoform was selected by majority voting.

The genomic coordinates of the TSSs were obtained from Gencode v25 (61,
62), and sgRNAs were designed to target within 400 bases upstream or
downstream of this site. All PAM sequences on either strand were identified
as potential targets. Potential sgRNAs were searched for in the genome (63—
65), and those with exact matches elsewhere were removed. A second
alignment allowing for up to four mismatches was performed for each
sgRNA, and an off-target score was assigned for each sgRNA using pre-
viously described procedures (66). SNPs in the sgRNA sequences were de-
termined from 1000 Genomes phase 1 high-confidence SNPs (67-69). A score
was assigned based on the population major allele frequency or a product of
these allele frequencies in cases where there were more than one SNP in the
area targeted by the guide. The guides were sorted based on these scores.
The top guide was selected, and guides in the vicinity of this guide had a
penalty added to their score. The guides were then sorted again by score,
and the selection process was continued until 10 guides were chosen or the
pool was exhausted. This procedure yielded a selection of guides that were
distributed over the region while selecting those with the highest possible
score. An additional 100 guides that are nontargeting in the human genome
were generated. Six additional guides were included that target the tetracy-
cline response element sequence bound by the tetracycline-controlled trans-
activator, which controls the exogenous expression of MYC in P493-6 cells. A
total of 5,598 guides were generated against a total of 594 genes.

Oligonucleotide pools were designed with flanking cloning sites and
synthesized by CustomArray. PCR amplicons were Gibson assembly-cloned
into the sgRNA expression vector lenti-sgRNA(MS2)_Puro (Addgene;
73797) (47). Electrocompetent Escherichia coli (Lucigen) was transformed
with assembly reactions, and bacterial colonies (~100x library coverage)
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Fig. 5. Aptamer-mediated recruitment of SID for CRISPRi. (A) Schematic
depiction of the sgRNA-dCas9-MCP-SID complex. MCP, MS2 capsid protein
dimer. (B) Phenotypic pooled sgRNA library screens. CPM, counts per million
of CRISPRi sample; CPM,, counts per million of control sample. (C) List of
selected top noncoding candidates from the library screen in B. Values refer
to the most-depleted guides per gene.

were pooled to prepare a liquid culture for plasmid DNA isolation using the
QIlAfilter Plasmid Midi Kit (Qiagen).

DNA Constructs. LentiCas9_Blast (Addgene; 52962) (70) was used as template
for mutagenesis PCR to introduce D10A and H840A point mutations into
Streptococcus pyogenes Cas9 to obtain lenti-dCas9_Blast. The coding regions of
human ZNF10-KRAB (amino acids 2 to 72), ZNF595-KRAB (amino acids 2 to 65),
POGK-KRAB (amino acids 34 to 115), and SID (amino acids 2 to 32 of MXD1)
were cloned into the BamHI-site of lenti-dCas9-Blast. Lenti-guide(MS2)
_PuroT2AGFP was prepared by cloning the T2A-GFP coding region down-
stream of and in frame with the puromycin resistance gene of lenti-
sgRNA(MS2)_Puro. The GFP-coding sequence was ligated into the BamHI/
Kpnl sites of pLKO.1_Blast (Addgene; 26655) (71) to obtain pLKO.1_GFP.
shRNA sequences (S/ Appendix, Table S1) were cloned into the Agel/EcoRI
sites of the pLKO.1_Blast and pLKO.1_GFP vectors. The SID coding region
(amino acids 2 to 32 of MXD1) was cloned into the BamHI/BsrGl sites of lenti
MS2-P65-HSF1_Hygro (Addgene; 61426) (47) to obtain lenti-MCP-SID_Hygro.

Lentivirus Production and Transduction. 293-T cells were cultured in DMEM
(Gibco), and P493-6 and RAMOS cells were cultured in RPMI 1640 (Gibco).
Complete cell culture media were obtained by supplementing with
100 U/mL penicillin, 0.1 mg/mL streptomycin, 2 mM glutamine (Gibco), and 10%
(vol/vol) fetal bovine serum (FBS; Omega Scientific). For P493-6 cells,
tetracycline-free FBS (Omega Scientific) was used.

Lentiviral vectors were transfected along with packaging plasmids
(Addgene; pRSV-Rev, 12253; pMDLg/pRRE, 12251; and pMD2.G, 12259) (72)
into 293-T cells using Lipofectamine 3000 reagent (Invitrogen), and lentiviruses
were harvested at 2 d after transfection. P493-6 and RAMOS cells were
transduced with lentiviruses, and antibiotic selection was started 2 d later and
continued until cells appeared to be resistant. Blasticidin (Thermo Fisher Sci-
entific), hygromycin B (Thermo Fisher Scientific), puromycin (Sigma-Aldrich),
and Zeocin (Thermo Fisher Scientific) were used at a final concentration
of 7.5 pg/mL, 100 pg/mL, 1 pg/mL, and 75 pg/mL, respectively.
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CRISPRi Screens. Pooled lentiviral library stocks were prepared in 293-T cells as
described above, and P493-6 or RAMOS cells with or without (library control)
stable dCas9 fusion protein expression were transduced to obtain an in-
fection rate of 10 to 15%. After infection of three replicates, cells were
cultured for 2 d, treated with puromycin for 3 d, allowed to recover for 2 d,
and then cultured for 14 d while maintaining at least 5.5 x 10° cells at all
times to maintain the 1,000x library representation.

For each condition and replicate, genomic DNA was isolated from 6 x
10° cells (~1,000x coverage) using the DNeasy Blood and Tissue Kit
(Qiagen). The DNA was then used as a template for PCR amplification of
guide sequences using primers with Illumina adaptors, sequencing primer
binding sites, and barcodes (S/ Appendix, Table S2). A total of 23 PCR
cycles at an annealing temperature of 61 °C were performed using Q5 Hot
Start High-Fidelity 2X Master Mix (New England BioLabs) according to the
manufacturer’s instructions. PCR reactions were subjected to TAE agarose
gel electrophoresis (1.5% wt/vol), and amplicons were recovered using
the QIAquick Gel Extraction Kit (Qiagen). Barcode multiplexed samples
were pooled and loaded onto an Illumina NextSeq 500 instrument to-
gether with unrelated sequencing samples to obtain sequence diversity.
Read lengths were 1 x 75 bp, and read depth per multiplexed library was
20 million. Raw data were processed by the CASSAVA pipeline version 1.8
(Illumina). The FASTQ files were processed using count_spacers.py (60)
and GNU parallel (73). Differential representation of the guides within
the library was determined using the negative binomial method imple-
mented in edgeR version 3.28.0 (74) in R 3.6.1 (75), with additional
graphics produced with ggplot2 (76). Plots of replicates with log, (CPM/
CPM;) were based on Weissman CRISPRi gamma plots (29). Raw count
data were normalized by total read number to CPM. The CPM of treated
samples were divided by the mean of the control samples and then log,-
transformed (34). Sequence logograms were produced using the methods
detailed previously (77) but reimplemented to use log, (odds ratio).

For CRISPRi-based growth competition assays, candidate guides were
synthesized (IDT) and cloned into lenti-guide(MS2)_PuroT2AGFP. dCas9-
SID-expressing cells were incubated with lentiviruses produced from
these GFP/guide vectors to achieve 10 to 15% transduction efficiency.
P493-6 and RAMOS cells were grown in 24-well plates, and the number of
GFP-positive cells present in the pool was determined by flow cytometry
(Novocyte; ACEA Biosciences) at days 3, 7, and 14 after transduction. Data
were processed in FlowJo (78). shRNA-based competition assays were
carried out in the same way.

Protein-Protein Interaction Studies. For co-IP experiments, 1 x 107 cells per
sample were washed with ice-cold PBS and resuspended in IP lysis buffer
(20 mM Hepes pH 7.5, 200 mM NaCl, 5% glycerol, and 0.75% Triton X-100)
supplemented with protease inhibitors (Thermo Fisher Scientific). After
sonication, cell debris was removed by centrifugation, and lysates were pre-
cleared using protein A Sepharose beads. Cleared lysates were incubated with
antibodies overnight at 4 °C, and immunocomplexes were immobilized on
protein G Sepharose beads and washed with IP lysis buffer. For Flag-IP, anti-Flag
magnetic beads (Sigma-Aldrich) were used. IP samples along with input samples
were subjected to SDS-PGE and immunoblotting. Anti-Cas9 (14697), SIN3A
(8056), and TRIM28 (4123) antibodies were from Cell Signaling Technology, and
MCP (MS2 coat protein) antibody (ABE76-I) was from EMD Millipore.
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ChIP. P493-6 were grown with or without 0.1 pg/mL dox (Sigma-Aldrich) for
24 h. A total of 1 x 107 cells per sample were cross-linked in PBS containing
1% formaldehyde for 10 min at room temperature and then quenched with
glycine (125 mM final concentration) for 5 min at room temperature. Nuclei
were extracted using hypotonic buffer (50 mM Tris-HCI pH 8.0, 5 mM EDTA
pH 8.0, and 10% glycerol) and collected by centrifugation. Cell nuclei were
resuspended in high-SDS RIPA buffer (50 mM Tris-HCI pH 8.0, 5 mM EDTA pH
8.0, 150 mM NaCl, 1% Igepal CA-630, 0.5% sodium deoxycholate, and 0.5%
SDS) supplemented with protease inhibitor mixture (Cell Signaling Tech-
nology), and lysates were sonicated to shear DNA to an average fragment
size of 200 to 1,000 bp. Sheared chromatin was diluted 1:5 with RIPA buffer
without SDS (50 mM Tris-HCI pH 8.0, 5 mM EDTA pH 8.0, 150 mM NacCl, 1%
Igepal CA-630, and 0.5% sodium deoxycholate) supplemented with protease
inhibitor mixture, and input samples (2%) were prepared. The rest of the
diluted chromatin was incubated overnight with Rabbit IgG (Cell Signaling
Technology; 2729) or anti-MYC antibodies (Cell Signaling Technology; 9402).
Subsequently, reagents of the Chromatin IP Kit (Cell Signaling Technology;
9005) were used for IP, chromatin elution, and DNA purification according to
the manufacturer’s instructions. A 2-uL DNA sample per reaction was used for
gPCR using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific). The
following formula was used to calculate signal relative to input: Percent In-
put = 2% x 2(CIT 2% Input Sample - C[T} 1P Sample). C[T] = C; = threshold cycle of PCR.

RT-qPCR. Total RNA was isolated from cells using the Maxwell RSC simplyRNA
Cells Kit (Promega) according to the manufacturer’s instructions. RNA sam-
ples were reverse-transcribed using the High-Capacity ¢cDNA Synthesis Kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions, using
random priming. qPCR was performed on a LightCycler 96 real-time PCR
instrument (Roche). Reactions were prepared using Power SYBR Green PCR
Master Mix (Thermo Fisher Scientific) and universal cycling conditions (95 °C
for 10 min followed by 45 cycles of 95 °C for 10's, 60 °C for 10's, and 72 °C for
10 s). Reaction specificity was confirmed by melting curve analysis. qPCR
primer sequences are listed in S/ Appendix, Table S1.

Cellular Fractionation. Cell nuclei were extracted as described previously (79).
Cell pellets were resuspended in ice-cold Nonidet P-40 lysis buffer (10 mM
Tris-HCl pH 7.4, 10 mM Nacl, 3 mM MgCl,, and 0.5% Nonidet P-40) and in-
cubated on ice for 5 min. Nuclei were separated by centrifugation at 300 x g
for 4 min, the supernatant (cytoplasmic fraction) was removed, and nuclei
were washed once with Nonidet P-40 lysis buffer. RNA from the cytoplasmic
fraction and from nuclei was isolated using the Maxwell RSC simplyRNA Cells
Kit (Promega).
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