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Abstract

Long non-coding RNAs (IncRNAs) are involved in many normal and oncogenic pathways through a diverse repertoire of transcriptional
and posttranscriptional regulatory mechanisms. LncRNAs that are under tight regulation of well-known oncogenic transcription
factors such as c-Myc (Myc) are likely to be functionally involved in their disease-promoting mechanisms. Myc is a major driver of
many subsets of B cell lymphoma and to date remains an undruggable target. We identified three Myc-induced and four Myc-repressed
IncRNAs by use of multiple in vitro models of Myc-driven Burkitt lymphoma and detailed analysis of Myc binding profiles. We show
that the top Myc-induced IncRNA KTN1-AS1 is strongly upregulated in different types of B cell lymphoma compared with their normal
counterparts. We used CRISPR-mediated genome editing to confirm that the direct induction of KTN1-AS1 by Myc is dependent on the
presence of a Myc E-box-binding motif. Knockdown of KTN1-AS1 revealed a strong negative effect on the growth of three BL cell lines.
Global gene expression analysis upon KTN1-AS1 depletion shows a strong enrichment of key genes in the cholesterol biosynthesis
pathway as well as co-regulation of many Myc-target genes, including a moderate negative effect on the levels of Myc itself. Our study
suggests a critical role for KTN1-AS1 in supporting BL cell growth by mediating co-regulation of a variety of Myc-target genes and
co-activating key genes involved in cholesterol biosynthesis. Therefore, KTN1-AS1 may represent a putative novel therapeutic target

in lymphoma.

Introduction

Long non-coding (Inc)RNAs have gained much atten-
tion as novel modulators of normal and cancer cell
physiology. Through diverse transcriptional and post-
transcriptional regulatory roles, IncRNAs partake in
many known (oncogenic) pathways. LncRNAs are often
expressed in a cell-type specific manner (1,2) and cancer
cell-specific expression patterns have been reported (3).
Therefore, studying IncRNA function can potentially
lead to an expansion of druggable targets for cancer
treatment.

The oncogenic transcription factor Myc plays impor-
tantroles in several subtypes of B-cell lymphoma. Burkitt
lymphoma (BL) is characterized by a translocation
involving the MYC gene locus and the immunoglobulin
heavy or light chain gene loci, resulting in high levels
of Myc protein. MYC rearrangements occur in ~10%
of the diffuse large B-cell lymphoma (DLBCL) cases,
while these rearrangements are less common in mantle

cell, plasmablastic lymphoma and some low-grade
lymphomas (4,5). Importantly, overexpression of Myc
confers additional aggressiveness to these malignancies
and is associated with poor prognosis (6,7).

Myc overexpression affects a large number of genes
that are amongst others involved in metabolism, biosyn-
thesis, growth, cell cycle or survival (8,9). A substantial
number of the affected genes are IncRNA transcripts
that are either induced (10,11) or repressed (12) by Myc
(for global analyses of Myc-regulated IncRNAs see (13-
15)). Furthermore, IncRNAs can regulate Myc expres-
sion or activity at the transcriptional (16-19) and post-
transcriptional level (20,21) (reviewed in 22,23).

In this study, we used multiple in vitro models and
Myc binding profile analysis to identify IncRNAs that are
directly regulated by Myc. This resulted in the discovery
of the Myc-induced IncRNA KTN1-AS1 in BL. KTN1-AS1
knockdown had a strong negative effect on cell growth
and co-regulated many genes that were also affected
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by knockdown of Myc itself. Our data suggest a signifi-
cant co-regulation of Myc-target genes by KTN1-AS1 and
showed a critical role of KTN1-AS1 in supporting BL cell
growth.

Results
BL cell lines are addicted to MYC expression

Myc was expressed in all three BL cell lines tested (ST486,
CA46 and DG75) at the mRNA and protein level (Supple-
mentary Material, Fig. S1A). To confirm the dependency
of these cell lines on Myc, we determined the effect of
shRNA-mediated MYC inhibition on cell growth. The
efficacy of two shRNAs against MYC was demonstrated
by a 60-80% decrease at the protein level compared with
a non-targeting control (Supplementary Material, Fig.
S1B). Moreover, three known Myc-induced genes (CAD,
TFAM and PGK1) (24) showed a consistent decrease
in expression upon shRNA treatment (Supplementary
Material, Fig. S1C). The growth of all three cell lines
strongly decreased upon Myc depletion, as shown by
the highly significant decreases in GFP+ cells in GFP
competition assays (P < 0.0001) with the strongest growth
inhibition in ST486 cells (Supplementary Material,
Fig. S1D). These data confirm the addiction of all three
BL cell lines to the Myc protein.

Identification of Myc-regulated IncRNA loci in
ST486 cells

To reliably identify Myc-regulated IncRNA transcripts,
we focused on gene loci consistently identified as being
Myc-responsive as well as bound by Myc near their pro-
moter. To this end, we selected transcripts that (i) showed
altered expression levels in response to Myc knockdown
in ST486 BL cells, (i) showed an early (4 h), and thus likely
direct response to Myc induction in P493-6 B cells (i.e.
lymphoblastoid cells with a Myc-Tet-off system) (15), (iii)
were directly bound by Myc across five BL cell lines (ChIP-
seq) (25) and (iv) possess a Myc binding motif (i.e. ‘Myc
E-Box’; see Materials and Methods).

To validate the feasibility of our approach, we first
assessed the selection procedure on protein coding genes
(Supplementary Material, Fig. S2). Overall expression
changes observed in ST486 cells upon Myc knockdown
showed a highly significant overlap with a previously
identified set of core target genes of Myc (gene set
enrichment analysis, GSEA; FDR q value <0.0001; Sup-
plementary Material, Fig. S2A). A total of 1073 protein
coding genes responded to Myc-knockdown in ST486
cells (Supplementary Material, Fig. S2B), with 503 (47%)
Myc-induced and 570 (53%) Myc-repressed genes. Of the
Myc-induced genes, 208 (41%) showed an early response
to Myc induction in P493-6 cells, representing putative
direct target genes. Indeed, 79% of these early-induced
genes were also bound by Myc across 5 different BL cell
lines. Myc binding near early-induced genes occurred
significantly more often compared to late (P=0.0013)
and non-responsive genes (P= 3 x 10~%). Moreover, early

but not late, Myc-induced genes showed significant
enrichment for the presence of the canonical Myc E-box
motif ‘CACGTG’ (47 of 165 genes; P= 0.044). By applying
the exact same analysis pipeline to Myc-repressed genes
(Supplementary Material, Fig. S2B), we observed that
only 19% of the ST486 Myc-repressed genes were also
early-repressed in P493-6 cells. The majority of the ST486
Myec-repressed genes were late-repressed (41%) or non-
responsive (38%) in P493-6 cells. We did not observe a
significant enrichment of Myc-binding or binding motifs
in early compared with late or non-responding Myc-
repressed genes. Heatmaps of the coding genes fulfilling
all four criteria (47 Myc-induced, 2 Myc-repressed) are
shown in Supplementary Material, Fig. S2C. Of the Myc-
induced coding genes, 57% (27 of 47) were previously
defined as core target genes of Myc (MYC hallmarks)
or Myc-targets in B cells (Daudi and P493-6) (26,27))
(Supplementary Material, Fig. S2C). Altogether, these
data show that our approach reliably identifies genes
directly induced by Myc.

The same selection strategy was applied to IncRNA
genes (Fig. 1A) and resulted in the identification of
313 Myc-regulated probes in ST486 BL cells, of which
111 (35%) were Myc-induced and 202 (65%) were Myc-
repressed. Overlap of these genes with early-response
genes in P493-6 revealed 24 Myc-induced and 11 Myc-
repressed probes. Heatmaps of genes are shown in
Figure 1B. Seven of these IncRNA loci (detected by 9
probes) showed evidence of Myc-binding within 5 kb of
their transcription start site (TSS) and had one or multi-
ple canonical or non-canonical E-box motifs (Table 1).
Among the 7 IncRNA loci, KTN1-AS1, a multi-exonic
IncRNA transcript located in bidirectional orientation
with the coding gene kinectin 1 (KTN1), had a non-
canonical E-box motif located directly atits TSS (Fig. 1C).

KTN1-AS1 is a direct transcriptional target of
Myc in BL

To further support a direct regulation of KTN1-AS1 by
Myc, we assessed its expression changes in P493-6 B
cells at varying levels of Myc expression. To this end,
we treated the cells with different concentrations of
tetracycline (Tet) to achieve either full (i.e. at 0.1 ug/ul
tet) or partial inhibition (i.e. at 0.1 ng/ul and 0.05 ng/ul
tet) of Myc expression (Fig. 2A). KTN1-AS1 as well as
the known Myc-induced genes CAD, TFAM and PGK1
showed decreased levels following the same pattern as
Myc. Conversely, KTN1 did not respond to MYC inhibition
(Fig. 2A). These data indicate that KTN1-AS1, but not its
downstream neighbor KTN1, is a direct transcriptional
target of Myc.

Next, we employed the CRISPR/Cas9 system to disrupt
the integrity of the E-box sequence (28) located at the
start of KTN1-AS1 exon 1. Two single guide (sg)RNAs were
designed to introduce a cut within the 6-nucleotide E-
box sequence (sg-MYC-E1 and sg-MYC-E2; Fig. 1C). The
sgRNAs caused indels of 1-2 basepairs (bp) around the
cutting site in the vast majority of ST486, CA46 and
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Figure 1. KTN1-AS1 is a IncRNA directly induced by Myc. (A) Flowchart of Myc-regulated IncRNA candidate selection based on Myc knockdown in ST486
BL cells, Myc-target kinetics in P493-6 B cells and Myc binding in BL cell lines. (B) Heatmap of the Myc-induced (n = 24) and Myc-repressed (n = 11) IncRNAs
that are also defined as early responders in P493-6 B cells. Black bars indicate IncRNA transcripts that are also directly bound my Myc in BL cell lines.
*Z83851.4 and TCONS_00029603 originate from the same locus. Red indicates high expression; blue indicates low expression. Two biological replicates
are shown per infected construct. (C) Schematic of the KTN1-AS1 locus, the IncRNA that shows the closest association with Myc binding, possessing a
Myc-binding motif (i.e. E-box) at the start of the transcribed sequence. Microarray probes (red = Myc-responsive), gPCR primers (red = standard primers
used throughout this manuscript) and E-box targeting sgRNAs with PAM sequence (NGG) and cutting site are indicated. Myc-ER = Myc-early responders
(P493-6).

Table 1. LncRNAs identified as putative direct targets of Myc

LncRNA ST498 (fold P493-6 early =~ P493-6 late Distance TSS—Myc Distance TSS—E-box (bp)

change) (fold change)  (fold change)  BS (bp)*
KTN1-AS1* 2.8 9.8 15.9 (+) 82 (+) 0 [CACGCG]
783851.4; 1.9 54 3.4 (+) 4841 (+) 3507 [CATGTG]
TCONS_00029603*
TCONS_00012835; 1.8 15.3 50.7 (+) 1094 (+) 557 [CACGTG]; (+) 1011 [CACGTT]; (+) 1097
TCONS_00012374 [CACGCG]; (+) 1115 [CACGAG]
LINC00996 —41 -23 ~13.2 (=) 1957 (-) 1021 [CACGTG]; (+) 557 [CACGTG]
RP11-326C3.15 -3.6 -5.5 -51 (+) 1123 (—) 280 [CACGTT]; (+) 553 [CACGAG]
TNFRSF14-AS1; -31 -35 -39 (=) 2939 (=) 2902 [CACGTG]; (+) 319 [CACGTG]
LOC115110
PSMG3-AS1 -18 -55 9.0 (=) 37 (=) 23 [CACGCG]; () 134 [CACGCG]; (-) 225

[CACGTT]

$indicates distance TSS to the center of a (broader) ChIP signal peak. *mean fold change of two probes is shown. Canonical E-box motif indicated in bold, for
non-canonical motifs the nucleotides differing from canonical sequence are indicated in red.

P493-6 cells. A minority of the cells carried larger dele-  and ~80% in CA46 and P493-6 cells. We observed a con-
tions (~7-14 bp; TIDE analysis (29), data not shown). sistent decrease in KTN1-AS1 of 56 and 72% in Myc-on
The overall efficiency of the sgRNAs was >95% in ST486 P493-6 cells (Fig. 2B), 51 and 62% in ST486 cells (Fig. 2C)
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Figure 2. KTN1-AS1is a direct target of MYC and dependent on the canonical Myc binding motif contained. (A) Gene expression changes after treatment
of P493-6 cells with different concentrations of tetracycline, which cause a full or partial inhibition of Myc expression. CAD, TFAM and PGK1 are known
targets of Myc. RT-qPCR, mean =+ error, n = 3. Repeated measures ANOVA; * P < 0.05, *** P < 0.001. (B) Gene expression changes after treatment of Myc-on
P493-6 cells with two sgRNAs designed to disrupt the Myc E-box binding motif or a non-targeting sgRNA (control). (C) ST486 and (D) CA46 cells treated
with two E-box disrupting sgRNAs. Mean of two measurements at day 7 and day 11 post-infection is shown. RT-qPCR; mean + SD.

and 40 and 22% in CA46 cells (Fig. 2D) in response to sg-
MYC-E1 and sg-MYC-E2, respectively. As expected, KTN1
showed limited decreases in P493-6 (35 and 46%; Fig. 2B)
and ST486 (14 and 30%; Fig. 2C) and no decrease in CA46
cells (Fig. 2D). Altogether, these data confirm that KTN1-
AS1 is a direct target of Myc and that the induction of
KTN1-AS1 by Myc is dependent on the integrity of the E-
box binding motif.

Torule out a potential effect of KTN1-AS1 on the neigh-
boring protein coding gene KTN1, we checked whether
depletion of KTN1-AS1 affects KTN1 expression. KTN1-
AS1 targeting shRNAs induced a >50 and ~30% reduction
in transcript abundance in ST486 cells with shKTN1-
AS1-1 and sh-KTN1-AS1-2, respectively (Supplementary
Material, Fig. S3A). KTN1-AS1 knockdown had no effect
on KTN1 mRNA levels (Supplementary Material, Fig. S3A).
As expected, knockdown of KTN1 did not affect the
expression levels of KTN1-AS1 (Supplementary Material,
Fig. S3B). These data indicate that KTN1 and KTN1-
AS1 do not influence each other at the transcriptional
level.

KTN1-AS1 is overexpressed in multiple subtypes
of lymphoma

To gain further insight into the deregulation of this
IncRNA in lymphoma, we measured KTN1-AS1 as well
as MYC transcript levels in a panel of lymphoma cell
lines (Fig. 3A). MYC levels did not differ between normal B

cell subsets but were significantly increased in Hodgkin
lymphoma (HL; P=0.0059), DLBCL (P=0.0005) and BL
(P=0.048) cell lines compared with germinal center (GC-
) B cells. KTN1-AS1 expression levels were slightly lower
in GC-B cells compared with naive and memory B cells.
Similar to MYC, KTN1-AS1 levels were strongly increased
in HL (P=0.034), DLBCL (P=0.015) and BL (P=0.005)
cell lines compared with GC-B cells. In addition, we
analyzed frozen tissue samples of primary lymphoma
including BL, CLL and DLBCL cases. Expression levels
of both MYC (P <0.001) and KTN1-AS1 (P=0.011) were
significantly higher in BL as compared with CLL (Fig. 3B).
In primary DLBCL cases (n= 299) compared with
normal GC-B cells (control; n=6), MYC was significantly
increased in ABC (P=0.0002) but not GCB (P=0.063)
unclassified (P=0.059) cases. Furthermore, MYC levels
were significantly higher in ABC compared with GCB
DLBCL cases (P<0.0001), which is in line with the
literature (6). KTN1-AS1 was significantly increased
in all DLBCL subtypes compared with normal GC-B
cells (ABC: P< 0.0001, GCB: P= 0.0023, unclassified:
P= 0.0009). Like MYC, KTN1-AS1 levels were also more
abundant in ABC compared with GCB DLBCL cases
(P <0.0001; Fig. 3C). These data are in line with KTN1-
AS1 being a Myc-induced IncRNA and show that KTN1-
AS1 is highly overexpressed in multiple lymphoma
subtypes compared with their normal counterpart (i.e.
GC-B cells).
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Figure 3. KTN1-AS1 is strongly overexpressed in multiple lymphoma subtypes with high MYC expression. (A) RT-qPCR expression analysis of MYC
and KTN1-AS1 in sorted normal naive, memory and germinal center (GC) B cell subsets (n =3) and multiple lymphoma cell lines including primary
mediastinal B-cell lymphoma (PMBL; n = 2), Hodgkin lymphoma (HL; n =7), DLBCL (n =9) and BL (BL; n =7). RT-qPCR, mean =+ error; t-test versus GC-B
with Welch'’s correction. (B) RT-gPCR expression analysis in a set of fresh frozen tissue samples consisting of primary chronic lymphocytic leukemia (CLL;
n =9) characterized by low MYC levels and BL (n = 13) characterized by high MYC expression. RT-qPCR, mean =+ error; t-test with Welch's correction. (C)
RNA sequencing analysis of fresh frozen tissue samples of DLBCL and normal GC B cells isolated from tonsil. DLBCL cases were subclassified according
to cell of origin into ABC (n =97), GCG (n =169) and unclassified (n =33). Line indicates mean. Kruskal-Wallis and Dunn’s multiple comparison test.
*P <0.05,** P <0.01, *** P <0.001, **** P < 0.0001.

KTN1-AS1 depletion results in a strong growth shKTN1-AS1-1 caused a significant (P < 0.0001) growth
decrease in BL decrease in three out of three and shKTN1-AS1-2 in two
To establish the relevance of KTN1-AS1 for BL, we studied ~ of three BL cell lines (Fig. 4A). A 50% decrease in GFP-
the effect of shRNA-mediated knockdown on growth.  positive cells was achieved at day 5, 15 and 20 after
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Figure 4. Depletion of nuclear IncRNA KTN1-AS1 causes a strong growth decrease in BL cells. (A) KTN1-AS1 depletion causes a strong growth decrease
in three BL cell lines. GFP competition assay; mean =+ SD, n = 3, **** P < 0.0001. (B) Subcellular fractionation was performed to study IncRNA localization
in three BL cell lines. The indicated control IncRNAs confirm successful fractionation of cells. KTN1-AS1 shows strong nuclear localization. N =1 per

cell line.

infection with shKTN1-AS1-1 in ST486, CA46 and DG75
cells, respectively. For shKkTN1-AS1-2, a 50% decrease was
observed at day10 and 16 in ST486 and CA46, respectively.
These results indicate a strong growth supportive role for
KTN1-AS1in BL.

To assess whether the decrease in GFP+ cells was
due to the induction of caspase-mediated apoptosis,
we first checked the levels of cleaved PARP. A minor
increase of cleaved PARP levels was observed in ST486
for both KTN1-AS1 shRNAs (Supplementary Material,
Fig. S4A). Next, we tested whether the caspase-inhibitor
Q-VD could rescue the observed phenotype. Q-VD
treatment caused a minor rescue of the growth reduction
phenotype in ST486 cells infected with both KTN1-AS1
shRNAs (20 and 14%), although both control shRNAs
also induced a minor effect in these cells (8 and 11%,).
In CA46 cells, a weak rescue was observed only for
shKTN1-AS1-2 (14%), and no rescue was seen in DG75
cells (Supplementary Material, Fig. S4B). These data
indicate that the growth decrease observed upon KTN1-
AS1 depletion is for the largest part not due to the
induction of caspase-mediated apoptosis.

KTN1-AS1 is a nuclear, chromatin-associated
IncRNA

To gain insights into its function, we analyzed the
abundance of KTN1-AS1 transcripts in cytoplasmic,

nucleoplasmic and chromatin fractions of three BL
cell lines. Purity of the fractions was confirmed by the
assessment of RNA transcripts with known subcellular
localization: RPPH1 and DANCR as cytoplasmic, SNHG4,
ANRIL and MIAT as nucleoplasmic and XIST (cell lines
derived from female patients) as chromatin-associated
transcripts (30,31). All control RNAs were enriched in
the expected fractions in all cell lines (Fig. 4B). KTN1-
AS1 were strongly enriched in the nuclear fractions (85-
98% of KTN1-AS1 RNA), with preferential localization in
the chromatin fractions (50-90% of KTN1-AS1 RNA) in
all three cell lines. The nuclear localization of KTN1-
AS1 supports a putative function in gene expression
regulation.

Depletion of KTN1-AS1 has broad effects on gene
expression in BL

We assessed genome-wide gene expression changes
upon KTN1-AS1 depletion in ST486 cells, which is the
cell line that had the strongest growth phenotype. By
combining significant expression changes in KTN1-AS1-
depleted cells harvested at day 4 and day 6 post-infection,
we identified a total of 306 deregulated genes (260 coding
and 46 noncoding; Supplementary Material, Table S2).
Unsupervised hierarchical clustering of all responsive
genes resulted in a clear separation between control and
knockdown samples (Fig. 5A), and 44% of the deregulated
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genes (133, of which 122 are coding) were increased in
control versus knockdown samples (hereafter referred to
as ‘KTN1-AS1-induced’), while 56% (173, of which 138 are
coding) were decreased (‘KTN1-AS1-repressed’). Follow-
up analyses were restricted to the protein coding genes
affected by KTN1-AS1 knockdown.

To gain insight into the functional relevance of
KTN1-AS1-dependent gene expression changes, we
firstly performed GSEA. Multiple gene sets were pos-
itively correlated with KTN1-ASl-induced genes (i.e.
were enriched in shControl-treated ST486 cells; Sup-
plementary Material, Table S3), while no significant
enrichments were detected for KTN1-AS1l-repressed
genes. We noted an enrichment of a Myc target gene
set (Fig.5B) that was also enriched in Myc-induced
coding genes (Supplementary Material, Fig. S2A). A
second Myc-related gene set generated in a murine
p53null/MYChigh B cell lymphoma model showed opposite
regulation (YU_MYC_TARGETS_DN) (32). Other notable
enrichments include genes upregulated in CLL with
poor prognosis (as characterized by VH3-21 expression
[FAELT_B_CLL_WITH_VH3_21_UP] (33) or high levels of
ZAP70/CD38 [HUTTMANN_B_CLL_POOR_SURVIVAL UP]
(34)) as well as genes responding to serum stimulation
(with or without contribution of MYC) in P493-6 cells
(SCHLOSSER_SERUM_RESPONSE_UP, SCHLOSSER_SERUM
_RESPONSE_AUGMENTED_BY_MYC) (35). Second, we
performed Enrichr analysis on the defined sets of
KTN1-ASl-induced (n=122) and KTN1-ASl-repressed
(n=138) coding genes. This revealed a highly significant
enrichment of genes involved in cholesterol biosynthesis
according to the Reactome_2016 (5 of 23 genes; adj.
P=0.0001), GO_Biological Process (6 of 59 genes; adj.
P <0.001) and KEGG_2016 (3 of 20 genes, adj. P=0.019)
databases (Supplementary Material, Table S4). This
included essential enzymes at almost every step of
the biosynthesis pathway (Supplementary Material, Fig.
S5A). Moreover, we again observed enrichment for genes
that have TF binding sites for MYC and/or its cofactor
MAX within KTN1-AS1-induced genes (adj. P= 0.005 for
both; Supplementary Material, Table S4). In line with
this, four of the six cholesterol pathway genes reduced
upon KTN1-AS1 knockdown were also significantly
reduced upon MYC knockdown (i.e. ACLY, FDPS, DHCR7,
DHCR24; Supplementary Material, Fig. S5B). KTN1-AS1-
repressed genes were associated with Glycosphingolipid
biosynthesis and binding of Interferon Regulatory Factor 8
(IRF8), a co-regulator of IFN-y response genes. Altogether,
these data suggest that the upregulation of KTN1-AS1 in
BL affects a wide array of genes involved in proliferation
and co-regulates many MYC target genes.

KTN1-AS1 potently co-regulates MYC-target
genes

To further investigate gene co-regulation of KTN1-AS1
and Myc, we assessed what proportion of KTN1-AS1
regulated genes are also bound by Myc. We found
that 42% of the KTN1-AS1-regulated loci were bound
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by Myc in five BL cell lines, of which 7% possessed a
Myc E-Box (Fig. 5A; Supplementary Material, Table S2).
This was especially apparent within KTN1-AS1-induced
genes (58% Myc-bound, 13% with E-Box) and very
similar to what we observed for Myc-regulated loci (57%
Myc-bound, 13% with E-Box; Supplementary Material,
Fig. S2B). We therefore investigated whether KTN1-
AS1 knockdown influences MYC expression. Although
two microarray probes against MYC were not in our
final list of KTN1-AS1 regulated genes, we did detect
substantial decreases of both MYC mRNA (Fig. 5C) and
Myc protein (Fig. 5D) upon knockdown of KTN1-AS1 in
ST486 cells. The strength of this effect correlated with
the KTN1-AS1 knockdown efficacy, which was slightly
higher for shKTN1-AS1-1 compared with shKTN1-AS1-
2 (causing ~55% MYC/46% Myc and~30% MYC/21%
Myc reductions, respectively). CA46 cells showed minor
decreases in MYC mRNA and protein (~20% MYC/16%
Myc and ~15% MYC/9% Myc reductions). Furthermore,
we observed strong similarities in expression patterns
between KTN1-ASl-regulated genes in ST486 cells
and the earlier defined Myc-regulated genes in ST486
and P493-6 cells (Supplementary Material, Fig. S5C;
Supplementary Material, Table S2). These data suggest
that KTN1-AS1 is an important co-regulator for a variety
of genes regulated by Myc and may, in some cell lines,
also affect the transcriptional levels of Myc itself.

Discussion

In this study, we identified the IncRNA KTN1-AS1 as
a direct target of the oncogenic transcription factor
Myc in BL cells. We showed that KTN1-AS1 is strongly
overexpressed in multiple Myc-positive lymphoma
subtypes, including BL, HL and DLBCL. In addition, we
showed that its downregulation has profound effects on
BL cell growth. This effect is likely mediated via potent
co-regulation of a variety of Myc-target genes, including
essential genes in cholesterol synthesis.

The intersection of four datasets applied here pro-
duced a comprehensive list of Myc-induced protein cod-
ing genes of which many were previously defined as Myc-
targets. The lack of enrichment of Myc-binding and E-
box sequences in Myc-repressed genes is in line with the
idea that these changes are the result of the decreases
in overall RNA levels rather than a direct effect induced
by Myc (36,37). As mRNAs and IncRNAs are subject to
the same regulatory mechanisms (38), our approach was
suitable to identify direct IncRNA targets of Myc. The rel-
evance of MYC as a regulator of KTN1-AS1 was supported
by the highly similar expression patterns in primary
lymphoma samples and the effect of MYC repression on
KTN1-AS1 expression in the P493-6 model. Furthermore,
CRISPR/Cas9 experiments showed that the integrity of
the Myc E-Box is essential for the induction of KTN1-AS1.
We did not observe strict linear correlations between Myc
and KTN1-AS1 in either cell lines or patient cases. KTN1-
AS1is thus most likely co-regulated by additional factors
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Figure 5. KTN1-AS1 affects Myc levels and Myc target genes. (A) Gene expression changes observed 4 and 6 days after KTN1-AS1 depletion in ST486 cells;
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RT-gPCR; mean of two replicates harvested at day 4 after shRNA infection. (D) Decrease in Myc protein after KTN1-AS1 depletion day 6 after shRNA

infection. A representative blot of three replicates is shown.

asis also known for MYC (22). In line with this, a plethora
of TF binding sites is present in the promoter region of
KTN1-AS1 (GENCODE; GM12878 lymphoblastoid cells),
including cancer growth-related activators (e.g. STAT1)
and repressors (e.g. RB1).

In colorectal and prostate cancer cells, KTN1-AS1
(‘MycLo-3") was shown to have a function in cell cycle
regulation, with its depletion causing deregulation of
13 cell cycle-related genes and an increase in S/G2-
phase cells (39). In BL cells, only two (i.e. MCM4,
ARF3) of these 13 putative KTN1-AS1-target genes
showed expression changes. GSEA analysis revealed
an association of high KTN1-AS1 levels with G2/M
checkpoint genes (BIOCARTA_G2_PATHWAY, 24 genes);
however, this reflects only minor expression changes

(FC<1.5) as none of these were included in our final
list of KTN1-AS1 regulated genes. Accordingly, we did
not observe any changes in cell cycle distribution upon
KTN1-AS1 depletion (data not shown). KTN1-AS1 has
furthermore been suggested to act as a sponge for
multiple micro RNAs, including miR-23b (non-small
cell lung cancer, pancreatic cancer) (40,41), miR-23c
(hepatocellular carcinoma) (40), miR-130a (squamous
cell carcinoma) (42), miR-153 (43) and miR-505 (glioma)
(44). Although several of these miRNAs are expressed in
BL, we did not observe enrichment of KTN1-AS1 in any
of the Ago2-IP experiments conducted in five different
BL cell lines (unpublished observations). We previously
identified the miR-150 sponging transcripts ZDHHC11
and ZDHHC11B using Ago2-IP in BL cells (45), showing
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that miRNA sponges are present in the RISC complex
and can be identified using this method. In bladder
cancer, KTN1-AS1 was suggested to activate KTN1 in cis
via recruitment of the histone acetylase p300 (46). The
authors observed significant KTN1 expression changes
upon transfection of KTN1-AS1 targeting shRNAs in two
bladder cancer cell lines (46), an effect we did not observe
in the three BL cell lines tested. Across 299 DLBCL patient
cases, there was no significant positive correlation of
KTN1 and KTN1-AS1 expression (R? = 0.134). The role of
KTN1-AS1in B-cell lymphoma is likely different from the
functions described in these cancer types.

Other Myc-regulated IncRNAs have been described
to promote MYC expression at the transcriptional
(CCAT-2, PCGEM1) (47,48) or post-transcriptional level
(MIF, GHET1, XLOC_010588, PCAT-1, RoR, FGF13-ASl1,
MTSS1-AS) in cell-type specific manner (12,49-54). The
chromatin-association of KTN1-AS1 as well as the
observed effect on both MYC mRNA and Myc protein
levels upon KTN1-AS1 depletion in ST486 cells suggest
a transcriptional mechanism. No sequence similarities
were found between KTN1-AS1 and MYC or its promoter
region, which makes regulation through base-pairing
unlikely. Alternatively, KTN1-AS1 could act as a co-factor
for MYC-dependent transcriptional regulation of MYC-
target genes (i.e. including MYC itself). Lastly, we cannot
exclude the possibility that the downregulation of MYC
upon KTN1-AS1 knockdown is a secondary effect of
decreased cell proliferation.

A prevalent effect observed upon KTN1-AS1 depletion
in BL cells was the downregulation of six major enzymes
in the cholesterol biosynthesis pathway. Only four of
these six cholesterol pathway genes were also signifi-
cantly affected by MYC knockdown, making it partially
specific to KTN1-AS1. MYC has previously been shown
to directly activate other important cholesterol pathway
genes (i.e. ACACA, HMGCR) in P493-6 and lymphoblastoid
GM12878 cells (55). We confirm this observation for
ACACA, which showed a 1.8 and 4.2-fold increase in
ST486 and P493-6 cells in their MYC-high versus MYC-
low states, respectively. Our data thus suggest that
MYC and KTN1-AS1 cooperate in the activation of
key cholesterol pathway genes. Cholesterol is required
for the assembly of lipid rafts in the cell membrane,
which in turn are essential for signal transduction.
Depletion of cholesterol biosynthesis can thereby ham-
per proliferation-associated stimuli through, e.g. the
B cell receptor, Akt and interferons (56-58). In line
with this, targeting of cholesterol and lipid rafts was
shown to mediate significant anti-tumor activity in
lymphomas (59,60). Conversely, the anti-tumor effect of
Rituximab, depending on CD20 receptor activation, is
strongly decreased by low levels of cholesterol in the cell
membrane (57).

To conclude, we defined KTN1-AS1 as a Myc-induced
IncRNA with major regulatory effects on cancer related
pathways in BL, influencing Myc signaling and co-
regulating cholesterol biosynthesis. Therefore, KTN1-
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AS1 qualifies as an oncogenic factor and represents a
putative novel therapeutic target in lymphoma.

Materials and Methods
Cell culture, cell line panel and treatments

BL cell lines were purchased from ATCC (ST486) and
DSMZ (CA46 and DG75); P493-6 B cells were a kind gift of
Prof. D. Eick (Helmholtz center Munich). Cell lines were
cultured at 37°C under an atmosphere containing 5%
CO2 in RPMI-1640 medium supplemented with 2 mM
ultra-glutamine, 100 U/mL penicillin, 0.1 mg/mL strepto-
mycin and 20% (ST486) or 10% (P493-6, CA46 and DG75)
fetal calf serum (all reagents from Cambrex Biosciences,
Walkersville, MD, USA). At regular intervals, cell lines
were tested for mycoplasma contamination by PCR (61)
and subjected to short tandem repeat genotyping using
the PowerPlex 16HS system (Promega, Madison, W1, USA)
to confirm cell line identity. The cell lines included in
the panel were purchased from DSMZ, cultured accord-
ing to their proposed culture conditions and included:
PMBL—Primary mediastinal B-cell lymphoma (K1106P,
MedB1); HL—Hodgkin lymphoma (L428, 1540, L1236, KM-
H2, SUP-HD1, DEV), DLecL (SUDHL-2, —4 to —6 and —10,
SC-1, OCILy3, U2932, DOHH?) and BL (ST486, CA46, DG75,
RAMOS, BL65, Namalwa, Raij, Jijoye).

Q-VD-Oph (Cat# S7311; Selleckchem, Munich, Ger-
many) stock of 5 mM dissolved in 100% DMSO was used
to inhibit caspase activity. Medium was supplemented
with Q-VD (10uM) or DMSO starting 24 h after lentiviral
infection and on every following culture day.

Patient samples and normal B cell subsets

Frozen tissue sections of 13 BL (MYC translocation, EBV~,
CD20*, CD10* and BCL27) and 9 primary lymph node
derived CLL (CD20*, CD5%, cyclin D1~ and variable ZAP-
70 expression) cases used for RT-qPCR analysis were
described previously (15). Each individual diagnosis was
reviewed by an experienced hematopathologist accord-
ing to the World Health Organization classification (62).
All protocols for obtaining human tissue samples were
performed in accordance with the guidelines from the
Institutional Review Board or Medical Ethical Committee
of the University Medical Center Groningen (UMCG).
Frozen tissue sections from 299 DLBCL patients
were collected at the BC Cancer Center Vancouver
and subjected to RNA sequencing as described previ-
ously (63). DLBCL cases were subclassified according
to Lymph2Cx cell of origin classifier (64) into ABC
n=97), GCB (n=169) and unclassified (n=33). The
raw sequencing data have been deposited in the Euro-
pean Genome-phenome Archive (EGA) under accession
number EGAS00001002657 (Dataset EGAD00001003783).
Three sets of GC B-cells isolated from tonsillectomies
were used as normal controls. Normal B-cell subsets
were sorted by FACS from three different tonsil samples
as described previously (65) and included naive B cells
(CD19* IgD*, CD387), GC B cells (CD19* IgDh~, CD38")
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and memory B cells (CD19* IgD~, CD387). Written
permission for the use of the tonsil tissues to isolate GC
B-cells was obtained from the parents of the children.
The study protocol was consistent with international
ethical guidelines (the Declaration of Helsinki and the
International Conference on Harmonization Guidelines
for Good Clinical Practice).

Subcellular fractionations

Cytoplasmic, nuclear and chromatin fractions of BL cell
lines were separated as described previously (66) with
some modifications. In brief, cell pellets were lysed on
ice in 1x lysis buffer (10 mM Tris-HCL pH 8, 300 mM
sucrose, 10 mM NacCl, 2 mM MgAc2, 3 mM CaCl2, 0.1%
Nonidet P-40,0.5 mM DTT) and centrifuged at 1.000x g for
5 min at 4°C to yield the cytoplasmic fraction. The nuclei
fraction was washed once in glycerol buffer (50 mM Tris—
HCL pH 8.0, 25% glycerol, 5 mM MgAc2, 0.1 mM EDTA,
5 mM DTT). To separate nucleoplasmic and chromatin
fractions, nuclei were lysed in Urea Buffer (20 mM HEPES
pH7.5,7.5mMMgCl2,0.1mMEGTA, 0.3 M NaCl, 1 M Urea,
1% Nonidet P-40, 1 mM DTT) and centrifuged at 14.000x g
for 10 min at 4°C. All buffers were supplemented with
20u/mL RNAseOUT and 1x Complete™ EDTA-free pro-
tease inhibitor cocktail (Roche Penzberg, Germany) prior
to use. Qiazol lysis reagent (Qiagen, Hilden, Germany)
was added to all fractions for RNA isolation.

shRNA-mediated knockdown

ShRNAs were designed using the Invivogen siRNA wizard
and sense (S) and antisense (AS) oligo’s (Supplementary
Material, Table S1) were ordered from Integrated DNA
Technologies (IDT, Coralville, Iowa, USA) and cloned into
the pGreenpuro lentiviral vector (SBI, MountainView, CA,
USA). Generation of viral particles and infection of cells
was performed as described previously (15). Flow cytom-
etry was used to assess the percentage of infected cells
based on GFP expression. Cells were harvested directly if
GFP+ cells were >90% or after sorting GFP+ cells at day
4 and day 6 (KTN1 and KTN1-AS1 knockdown) or day 8
(MYC knockdown) after infection.

Western blotting

Cells were washed with cold PBS and lysed either in
Lysis Buffer (#9803, Cell Signaling Technology, Danvers,
MA, United States) (BL cell lines, MYC knockdown
samples) or in RIPA buffer (50 mM Tris, 150 mM
NaCl, 2,5 mM Na2EDTA, 1% Triton X-100, 0.5%mM
sodium deoxycholate, 0.1% SDS) (all other samples) with
1 mM phenylmethanesulphonyl fluoride for 45 min
on ice. Subcellular fractionation samples (cytoplasm,
nucleoplasm) were used in their respective lysis buffers.
Lysates were cleared by centrifugation (14 000xg, 10 min,
4°C) and protein concentrations were determined using
Pierce BCA Protein Assay (Thermo scientific, Rockford,
IL, USA) according to the manufacturer’s instructions,
and 10% polyacrylamide gels were used for separation
followed by transfer onto nitrocellulose membranes

using standard procedures. Membranes were blocked
in 5% milk supplemented with Tris-buffered saline and
0.1% Tween-20 followed by incubation overnight at 4°C
with the following antibodies: rabbit monoclonal anti-
human Myc antibody (Y69) (Cat# 1472-1, Epitomics,
Burlingame, USA); rabbit monoclonal anti-human Myc
antibody (Y69) (Cat# ab32072; Abcam, Cambridge, UK);
rabbit polyclonal anti-human (cleaved) PARP (Cat#
9542; Cell Signaling, Danvers, MA, USA); Polyclonal
horseradish peroxidase-conjugated goat anti-rabbit Ig
(1000x) and rabbit anti-mouse Ig (1000 x; both from Dako,
Glostrup, Denmark) were used as secondary antibodies.
Membranes were incubated with Super Signal West
Pico Chemiluminescent Substrate (Thermo Scientific)
according to the manufacturer’s instructions and signals
were visualized on the ChemiDoc MP scanner (Bio-Rad,
Veenendaal, The Netherlands). Image Lab 4.0.1 Software
(Bio-Rad, Veenendaal, The Netherlands) was used for
quantification of protein bands.

GFP competition assays

GFP measurements were performed tri-weekly for a
period of 3 weeks starting at day 4 after infection.
The relative number of GFP+ cells was calculated by
normalization to the first measurement (range 20-60%
GFP+ cells). All GFP competition assays were performed
in triplicate per shRNA and per cell line. Non-targeting
control shRNAs were included in all experiments.

Microarray analysis

Two array designs were used in this study. MYC knock-
down samples were hybridized to a custom design
IncRNA/mRNA array (‘Custom array’, AMADID: 039731).
Array design and procedures were described previously
(15). KTN1-AS1 knockdown samples were hybridized
to a commercially available microarray (‘Agilent array’,
AMADID: 072363; Agilent Technologies, Santa Clara, CA,
USA) following the same procedures. The Custom and
Agilent arrays contained 26 426 and 33 680 probes against
coding and 31054 and 19 049 probes against noncoding
transcripts, respectively, and 29779 probes are shared
between both arrays, which includes most protein coding
genes probes.

Raw data were extracted with Agilent Feature Extrac-
tion software v12 and analyzed with Genespring GX
13.1.1 software (Agilent Technologies). Probes flagged
as present by the feature extracting software and
consistently expressed in the 10th to 100th percentile in
at least 1 out of 2 conditions (i.e. knockdown or control)
were used for further analysis. Using these settings, 7192
IncRNA probes and 13741 mRNA probes (5040 and 10670
loci) were expressed above background in ST486 cells
with Myc knockdown, and 3012 IncRNA and 14 760 mRNA
probes (2425 and 11368 loci) in ST486 cells with KTN1-
AS1 knockdown. LncRNA probes with high similarity to
coding genes and probes detecting pseudogenes were
excluded from the final lists of differentially expressed
IncRNA transcripts.
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Heatmaps were generated with Genesis software
v1.8.1 (67) (Institute for Genomics and Bioinformatics
Graz, Graz, Austria) using unsupervised hierarchical
clustering with Pearson correlation as the distance
metric. Microarray data are available at the Gene
Expression Omnibus (GEO) database (GSE119925).

Enrichment analysis

GSEA was performed using the Hallmarks gene sets of
the Molecular Signatures Database (http://www.broad.
mit.edu/gsea) (68,69) on all coding probes expressed
above background for MYC and KTN1-AS1 shRNA treated
ST486 cells. Nominal P-values (i.e. significance of a single
gene set’s enrichment score based on the permutation-
generated null distribution) and FDR g-values (multiple
testing correction applied) are reported as measure
of significance. Enricher (http://amp.pharm.mssm.edu/
Enrichr/) (70,71) was used to assess transcription factor
binding site (ENCODE/CHEA TFs dataset) and pathway
(KEGG, Reactome) enrichment.

Myc binding site and E-box analysis

To select for well-annotated genes, only probes map-
ping to either RefSeq genes or annotated lincRNAs (2)
were considered for Myc binding site analysis (52728
and 57 480 probes on Agilent and Custom arrays, respec-
tively). ChIP data were retrieved from Seitz et al. (25) (Myc
binding sites in BL cell lines). For all transcripts with a
probe on the microarray, the TSS was determined and the
presence of a Myc-binding site +5 kb was assessed using
Galaxy (72,73).

GSEA was employed to determine which coding
gene loci possess Myc E-box motifs in close vicin-
ity (l.e. £2 kb) of their transcriptional start sites.
Seven gene sets assign the canonical Myc binding
motif CACGTG (CACGTG_MYC_Q2, MYC_Q2, BENPO-
RATH_MYC_TARGETS_WITH_EBOX) or NNACCACGTGGT
NN (MYCMAX_01, MYCMAX_02, MYCMAX 03, MYC-
MAX_B) to specific genes. These lists were overlapped
with our set of Myc-responsive genes. For IncRNAs
that fulfilled the criteria of being Myc-responsive in
ST486 and P493-6 cells and bound by Myc in BL cells
(n=7), the region +5 kb of the TSS was manually
scanned for the presence of canonical (CACGTG) and
non-canonical (CATGTG, CACGCG, CGCGTG, CACGAG,
CATGCG, CACGTT) E-box motifs.

RNA isolation and quantitative (q)RT-PCR

RNA isolation from cell lines and normal B cells
was performed using Phase Lock Gel Heavy tubes (5
Prime Inc., Hilden, Germany) in combination with the
miRNeasy mini/micro kit (Qiagen) according to the
manufacturer’s instructions. RNA from FFPE tissue
sections was isolated using the RNeasy FFPE kit (Qiagen).
On-column DNAse digestion was performed for all
samples. RNA concentration was measured with a
NanoDropTM 1000 Spectrophotometer (Thermo Fisher
Scientific Inc., Waltham, USA); RNA integrity was
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assessed on a 1% agarose gel. cDNA was synthesized
using random primers, dNTP mix and the Superscript I
Reverse Transcriptase Kit (Life Technologies Europe BY,
Bleiswijk, NL) according to manufacturer’s instructions.
An input of 500 ng RNA was used per sample in a total
reaction volume of 20 uL.

To detect transcript levels, SYBRgreen mix (Applied
Biosystems B.V,, Bleiswijk, The Netherlands) was usedin a
gPCR reaction volume of 10 uL with 1 ng cDNA and 150-
300 nM primers in on a Lightcycler 480 system (Roche,
Penzberg, Germany). Primer sequences used in this study
are listed in Supplementary Material, Table S1. Relative
expression levels are calculated based on the expression
of the housekeeping genes TBP or U6. TBP was generally
used for normalization in BL cell line experiments. U6
was the most stable housekeeping gene (of 10 tested) in
highly heterogeneous sample populations including the
cell line panel and primary patient cases.

CRISPR/Cas9 disruption of KTN1-AS1 E-box motif

Two sgRNAs targeting the E-box in KTN1-AS1 gene were
designed using CRISPOR tool (74) and two control non-
targeting sgRNAs were used from the Brunello library (75)
(Supplementary Material, Table S1). Sense and antisense
oligos were ordered from Genomed, Poland, annealed
and cloned into the lentiCRISPR_v2 vector (a gift from
Feng Zhang, Addgene plasmid #52961) (76). Lentiviral
particles containing individual constructs were produced
in HEK293T cells using the second generation packaging
system. CA46, ST486 and P493-6 cells were transduced by
spinfection (1000 g, 2 h, 33°C), and 24 h after transduction
virus containing medium was removed and cells were
plated in fresh medium with addition of puromycin for
selection of successfully transduced cells (2.5 pug/ml for
CA46; 0.3 ug/ml for ST486; 1 ng/ml for P493-6). Cells were
selected with puromyecin for 4 days and collected for DNA
and RNA isolation at day 7 and/or 11 after transduction.
To determine the efficiency of genome editing, a genomic
region of ca. 800 bp flanking the E-box was amplified
from wild type cells and cells transduced with E-box
targeting sgRNAs using primers KTN1-AS1-Ebox_F and
KTN1-AS1-Ebox_R. PCR products were Sanger sequenced
using the same primers at Genomed, Poland. Based on
sequencing results, TIDE analysis (29) was performed to
determine the efficiency of E-box disruption and spec-
trum of introduced mutations.

Statistics

For GFP competition assays, the significance of changes
in GFP+ cell percentages in knockdown samples com-
pared with controls was assessed as described previously
using a mixed model analysis (77). Differences in
GFP+ cell percentages upon DMSO or Q-VD treatment
were determined using repeated measures ANOVA and
Tukey’s Multiple comparison test, comparing DMSO
and Q-VD per shRNA construct. Probes significantly
differential expressed between knockdown and control
conditions were determined using a moderated T test
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(P-value cutoff: 0.05) and Benjamini-Hochberg multiple
testing correction, followed by selection of probes
with a >1.5-fold change in expression. For comparison,
previously published microarray data from P493-6 cells
(15) (GSE59480) were reanalyzed using the same settings
and a>2-fold change in expression cutoff (conditions:
MycOFF versus MycON all time points; MycOFF versus
MycON-4 h). Enrichment of binding sites or CpG islands
was evaluated using chi-square test. The percentages
of probes with a specific feature within all probes
deregulated upon Myc or KTN1-AS1 knockdown were
compared with the percentages of probes with the same
feature within all probes present on the array. Significant
expression differences for the qPCR data for the cell
line panel and BL versus CLL patient cases were tested
using standard T test with Welch’s correction (naive,
memory, PMBL, HL, DLBCL or BL versus GC B; BL versus
CLL). Significant differences between normal GC B cells
and DLBCL patient cases grouped as GCB, ABC and
unclassified were calculated using a Kruskal-Wallis test
with Dunn’s multiple comparison correction.

Supplementary Material
Supplementary Material is available at HMG online.
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