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Abstract 

Burkitt lymphoma (BL) is an aggressive germinal center B (GC-B) cell derived 

lymphoma characterized by a translocation of MYC to the immunoglobulin heavy or 

light chain loci. MYC is a transcription factor with oncogenic properties and was 

shown to be amongst others a main regulator of long noncoding (lnc)RNAs. In this 

study, we aimed to identify lncRNAs that were MYC-induced and upregulated in BL 

compared to their normal counterparts and to lymphoma with low MYC expression. 

We explored their relevance for growth of BL cells using a semi-high 

throughput-based screening. Nineteen candidate lncRNA loci were selected based on 

differential expression in three MYC-related models. A lentiviral pool containing 38 

shRNAs targeting these candidate lncRNAs was used to infect 3 BL cell lines in 

duplicate and construct abundance was followed for a period of 40 days. A strong 

depletion of 3 shRNA constructs was observed, suggesting a role of the targeted 

lncRNAs in promoting BL cell growth. The screening results were confirmed by GFP 

growth competition assays using the same constructs. All three transcripts were 

located predominantly in the nucleus of BL cells, indicating a potential gene regulatory 

role. The effect of the lncRNA with the most profound effect, i.e. MAFG-AS1, was 

subsequently confirmed by additional shRNA constructs. Expression analysis of the 

up- and down-stream flanking genes did not show gene regulatory effects in cis. In 

conclusion, we identified 19 MYC-induced lncRNAs that were upregulated in BL 

compared to their normal counterparts with 3 of these having an effect on BL cell 

growth.  

 

Key words: Burkitt lymphoma (BL); long noncoding (lnc)RNA; high-throughput 

screen; MAFG-AS1; cell growth 
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Introduction 

Burkitt lymphoma (BL) is one of the fastest growing tumors in human with a doubling 

time of approximately 24 hours, which mainly affects children and young adults. It was 

first reported in Uganda by Dennis Burkitt in 1958 [1,2]. The tumor cells are derived 

from germinal center B (GC-B) cells and are characterized by a translocation of MYC 

to the immunoglobulin heavy or light chain loci resulting in an enhanced expression of 

MYC [3,4]. MYC is a transcription factor that binds to thousands of genomic loci, and 

acts as a general amplifier of expression of protein coding and noncoding genes [5]. 

As such, MYC is crucially involved in cellular processes such as cell proliferation, cell 

cycle, and apoptosis [6]. 

Long non-coding RNAs (lncRNAs) are a class of non-coding RNAs which are >200nt 

long and lack coding potential. They are characterized by an on average lower 

number of exons, shorter exon length, and lower expression levels in comparison to 

protein coding genes [7]. In general, lncRNAs have more tissue- and species-specific 

expression patterns than protein coding transcripts [8]. The complexity of organisms is 

positively correlated with the size of the non-coding part of their genome, but shows 

no correlation with the number of protein coding genes, suggesting that non-coding 

RNAs add to the complexity of organisms [9]. LncRNAs show regulatory functions at 

the epigenetic and transcriptional levels by acting as transcriptional regulators, 

transcriptional guides, or scaffolds for chromatin modification complexes. Moreover, at 

the post-transcriptional level they can play a role in regulating mRNA splicing, interact 

with miRNAs, as well as affect stability and function of proteins [10]. LNCipedia 

identified 127,802 lncRNA transcripts in human [11]. However, just a small proportion 

of the lncRNAs have been functionally annotated. Regulatory roles have been shown 

in a broad spectrum of biological processes, such as viability, growth, motility, 

immortality, signaling and proliferation [12-23].  

LncRNA profiling studies in mature B-cell malignancies revealed marked differences 

compared to the normal counterparts [24,25]. A number of these differentially 

expressed lncRNAs were shown to be associated with cell growth, overall survival 

and prognosis in diffuse large B-cell lymphoma and chronic lymphocytic leukemia 

(CLL) [26,27]. The P493-6 B-cell model, which contains a conditional 

tetracycline-repressible MYC allele, has been used to identify MYC-regulated 

lncRNAs [28-30]. Analysis of BL samples compared to normal GC-B cell samples has 

revealed more than 800 lncRNAs with a deregulated expression pattern in BL [29]. To 

date, a handful of lncRNAs, i.e. MINCR, BLUT, and DLEU1, were reported as 

important regulators in BL pathogenesis [29,31,32], however, for the vast majority of the 

deregulated lncRNAs no functional annotation have been established. 

In this study, we investigated a group of lncRNAs that were induced by MYC and 
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upregulated in BL. The effects of these lncRNAs on BL cell growth was explored using 

a loss-of-function screen. Validation of their effect on BL cell growth was confirmed for 

lncRNAs showing consistent effects in the screen. 

Results 

Identification of MYC-induced and upregulated lncRNAs in BL 

Microarray profiling of 6 BL cell lines (ST486, DG75, CA46, Ramos, Namalwa, and 

BL65) and 3 samples of GC-B cells revealed 10,091 lncRNA probes expressed in all 

BL cell lines or all GC-B cells samples with expression levels in the 10th to 100th 

percentile. Of these probes, 706 showed significantly differential expression levels, 

309 with increased and 397 with decreased expressions in BL cell lines compared to 

GC-B cells (Figure 1A). We previously identified 392 lncRNA probes with increased 

expression levels in primary BL cases as compared to CLL cases (characterized by a 

low MYC expression) and 358 MYC-induced lncRNA probes in P493-6 B-cells [33]. By 

overlapping these three data sets, we identified 44 probes with higher levels in BL cell 

lines compared to GC-B cells, higher levels in primary BL cases compared to CLL 

cases, and increased levels upon MYC induction in the P493-6 B-cell model (Figure 

1B). 

Re-evaluation of the specificity of the probes and annotation of the corresponding 

transcripts using BLAST indicated that 3 probes detected a protein coding but not a 

lncRNA transcript. In addition, 29 probes originating from 15 loci detected a lncRNA 

and in addition, were also highly homologous to a protein coding transcript. To 

determine whether these lncRNAs were expressed in BL, we performed qRT-PCR 

with primer sets specific for the lncRNAs and the homologous protein coding 

transcripts. This revealed expression of the lncRNA for 8 of the probes targeting 5 

lncRNA loci (Figure S1). Expression of the protein coding transcripts was observed for 

all loci (data not shown). The remaining 12 probes were specific for lncRNA 

transcripts and targeted in total 14 lncRNA loci. So, of the 44 differentially expressed 

probes, 20 probes representing 19 lncRNA loci were selected for further functional 

analyses (Table S3). Of the 20 probes, 9 detected unique lncRNA loci, 8 detected 4 

lncRNA loci with 2 probes for each, 2 detected in total 4 homologous lncRNA loci, and 

1 detected 2 loci.  
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Figure 1. Identification of differentially expressed and MYC induced lncRNAs in BL (A) 
Unsupervised hierarchical clustering of the 706 significantly differentially expressed lncRNA probes 
(FDR <0.05, FC ≥2-fold ) in BL cells as compared to GC-B cells and (B) the overlap of probes identified 
in (A) with MYC-induced probes in P493-6 B-cell and probes upregulated in BL versus CLL cases 
obtained from a previous study [33]. 

Validation of MYC-induced lncRNA candidates 

Based on genome-wide analysis of MYC binding sites using two published ChIP data 

sets [33-35], we assessed the presence of MYC binding sites within 20kb of TSS of the 

19 lncRNA loci. For 7 of the 19 lncRNA loci (37%) a MYC binding site was observed in 

at least one of the two data sets.  

To further validate regulation by MYC, we performed qRT-PCR using 14 lncRNA 

specific primer sets in tetracycline treated P493-6 B-cells with MYC-off, 4 and 24 

hours after MYC re-induction, and in MYC-on cells. With the exception of lnc-ZNF-107 

which showed low expression levels in P493-6 (data not shown), the remaining 

lncRNAs all showed increased expression in MYC-on compared to MYC-off status. 
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For most of the lncRNAs, expression levels showed a sharp increase already after 4 

hours of MYC re-induction, indicating that they are most likely direct targets of MYC 

(Figure 2).  

 
Figure 2. Validation of MYC-induced lncRNAs. Expression of 18 lncRNA loci was assessed in 
tetracycline treated P493-6 B cells with MYC-off, MYC-on, 4 and 24 hours after MYC re-induction. Note: 
The primer set of TCONS_I2_00007970 targets 4 homologous lncRNA loci. The primer set of 
TCONS_I2_00029735 targets 2 homologous lncRNA loci. 
 

Loss-of-function screen to identify lncRNAs affecting growth of BL 
cells 

Generation of lentiviral shRNA constructs was successful for 16 of the 19 lncRNA loci, 

with one to five independent shRNAs for each locus (totally 38 shRNAs). A lentiviral 

pool was produced using a mix of these shRNA constructs and control constructs to 

infect 3 BL cell lines in duplicate. After infection, successfully infected GFP+ cells were 

sorted and cultured for 4 weeks. Cells were harvested for DNA isolation and analysis 

by NGS at several timepoints (Figure 3A). Infection efficiencies of the lentiviral pool 

were ~10-15% in the duplicate infections of 3 BL cell lines and GFP+ cell percentages 

after sorting were at least 75% (range 75% to 92%) (Figure S2A). Effective 

amplification of the barcode inserts was tested on agarose gel (Figure S2B). Total 

read counts of the 60 samples after insert amplification, library preparation and NGS, 

ranged from about 30,000 to 110,000 in ST486, from 30,000 to 160,000 in DG75, and 

from 30,000 to 150,000 in CA46 (Figure S2C). After normalization and calculation of 

average read counts of PCR replicates, we observed a good representation of all 

constructs in the pool (Figure S2D). 
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To identify lncRNAs that affect BL cell growth, we determined changes in construct 

abundance over time. A significant decrease in abundance in at least 2 infections of 

one BL cell line was observed for 3 shRNAs, i.e. MAFG-AS1-sh2, 

TCONS_l2_00028770-sh1, and TCONS_l2_00007970-sh4 (Figure 3B), suggesting 

that loss of the corresponding lncRNAs had a negative effect on BL cell growth. The 

MAFG-AS1-sh2 construct was consistently depleted in both ST486 and CA46, while 

the abundance of TCONS_l2_00028770-sh1 and TCONS_l2_00007970-sh4 was 

decreased only in DG75 and ST486, respectively. The 3 constructs showed a similar 

pattern in the other cell lines albeit not significant (Figure 3B). No significant changes 

in abundance over time were observed for the other shRNA constructs or for the 

negative control constructs.  

 
Figure 3. Loss-of-function screen to identify lncRNAs affecting BL cell growth (A) Schematic 
representation of the high-throughput screening workflow. Double stranded oligos of sense/anti-sense 
(shRNA) against the lncRNAs were cloned into EcoRI and BamHI restriction sites of vector. The 
lentiviral particles were used to infect ST486, DG75, and CA46 cells. Genomic DNA was isolated from 
GFP+ cells at 5 time points as indicated. The inserts were amplified and subjected to next generation 
sequencing for identification of constructs with altered abundance. (B) Identification of lncRNA 
constructs with effect on BL cell growth. The X-axis and Y-axis represent the slopes of the trend lines of 
duplicate infections. Negative and positive values represent a decrease and an increase in abundance, 
respectively. Dashed lines indicate the significance threshold for duplo-infections. Three shRNA 
constructs which showed a significant effect in at least two infections of one BL cell line are highlighted 
in red. 
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Validation of selected lncRNAs affecting BL cell growth 

To validate the results of the high-throughput screen, GFP growth competition assays 

were performed for the 3 identified shRNA constructs. Compared to the negative 

controls, a significant depletion in GFP+ cells was observed for the 3 constructs in all 

three BL cell lines, consistent with the high-throughput screens (Figure 4A). 

To gain further insight into the potential role of the validated lncRNAs, we determined 

their subcellular localization in ST486 and DG75. Efficiency of the fractionation 

procedure was confirmed based on enrichment of SNHG4 and U3 in the nucleus and 

of RPPH1 in the cytoplasm fraction (Figure 4B). The three lncRNA transcripts showed 

a predominant nuclear localization in both cell lines, indicating a potential gene 

regulatory role. In line with the nuclear localization, we did not observe enrichment in 

AGO2 complexes (Figure 4C). This indicates that it is unlikely that these lncRNA 

transcripts interact with miRNAs. 

 

Figure 4. Validation of selected lncRNAs affecting BL cell growth and their cellular localizations 

in BL. (A) GFP growth competition assay for 3 shRNA constructs with altered abundance in high 

throughput screen. The GFP+ percentage was measured using flow cytometry for 22 days, and the 

percentage at the first measurement was set to 100%. Significant differences were calculated using a 

mixed model analysis. **P <0.01, ***P <0.001, and ****P <0.0001. (B) Relative expression of lncRNAs 

in nucleus and cytosol of BL cells. TCONS_l2_00007970 represents the lncRNAs originated from 4 

homologous loci. RPPH1, SNHG4, and U3 were used as controls with known cellular localizations. (C) 

Ago2-Immunoprecipitation (IP) to total (T) ratios of lncRNAs in 3 BL cell lines (unpublished data).  
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Further characterization of MAFG-AS1 in BL 

The overview of the three validated lncRNA loci is shown in Figures 5A, S3A and S3B. 

The shRNAs designed for TCONS_l2_00028770 and MAFG-AS1 both target unique 

lncRNA loci, whereas the shRNA designed for TCONS_l2_00007970 potentially 

targets multiple lncRNA transcripts originating from 4 highly homologous genomic loci 

(Figure S3B). Since knockdown of MAFG-AS1 showed the most prominent effect on 

growth in all cell lines, we chose this lncRNA for further follow-up.  

First, we designed two additional shRNAs and tested their effect on BL cell growth. 

One shRNA significantly decreased the growth of all three tested cell lines, while the 

other shRNA significantly decreased the growth of one of the tested cell lines (Figure 

5B). Next, we checked the MAFG-AS1 locus and noted two protein-coding genes in 

its vicinity, i.e. MAFG (118bp upstream) and PYCR1 (1,638bp downstream) (Figure 

5A). We assessed expression of these genes in the three data sets we used in the 

lncRNA candidates selecting. PYCR1 expression was significantly upregulated in BL 

cell lines compared to GC-B cells, upregulated in primary BL cases compared to CLL 

cases, and increased upon MYC induction in the P493-6 B-cell model (Figure 5C). 

The level of MAFG was increased in BL cell lines compared to GC-B cells, but not 

differentially expressed in the other two data sets. 

To further explore a potential cis-regulation by MAFG-AS1, expression of PYCR1 and 

MAFG was tested upon knockdown of MAFG-AS1 (Figure 5D). However, neither 

PYCR1 nor MAFG showed any consistent changes in expression upon MAFG-AS1 

knockdown. This indicates that the MAFG-AS1 transcript is not involved in the 

regulation of these genes. Interestingly, there are two MYC binding sites near (within 

10kb) the transcriptional start sites of MAFG-AS1, PYCR1 and MAFG (Figure 5A), 

suggesting that these three genes might all be direct targets of MYC. Thus, the 

enhanced expression of the MAFG-AS1 neighboring genes is most likely the result of 

regulation by MYC.  
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Figure 5. Characterization of MAFG-AS1 in BL. (A) Schematic overview of the MAFG-AS1 locus with 
the positions of probes and shRNAs (upper scheme) and neighboring genes (lower scheme). The 
probe shown in the red box was the MYC-induced probe that was upregulated in BL. The shRNA 
shown in the red box showed an effect on BL cell growth in the screen. ShRNAs in grey were used for 
validation. (B) GFP growth competition assay for additional shRNAs of MAFG-AS1. BL cells were 
transduced with individual constructs. (C) Expression of MAFG-AS1 and its neighboring genes in three 
data sets. (D) Expression of PYCR1 and MAFG upon MAFG-AS1 knockdown. Levels of genes were 
normalized to housekeeping gene TBP. Values for control NT2 were set to 1. **P <0.01, ***P <0.001, 
and ****P <0.0001, Unpaired t-test. 
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Discussion 

In this study, we aimed at the identification of MYC-induced lncRNAs that were 

upregulated in BL and exploring their potential role in the growth of BL cells. We 

profiled BL cell lines and normal GC-B cells, and combined the data with our 

previously published data sets from P493-6 B-cells and BL and CLL primary tissue 

samples [33]. This revealed 19 MYC-induced lncRNA loci that were upregulated in BL. 

Using a semi-high throughput loss-of-function screen, we identified 3 shRNA 

constructs showing a negative effect on BL cell growth. The effect on BL cell growth 

was subsequently confirmed by independent GFP growth competition assays. Further 

analysis of MAFG-AS1, revealed a nuclear localization, and no indication for 

cis-regulatory roles on the expression of its upstream and downstream flanking 

genes. 

To select lncRNA candidates for functional studies, we overlapped three data sets to 

identify lncRNAs that are MYC-induced and upregulated in BL. The number of probes 

with increased expression in all three data sets and representing true lncRNAs was 

relatively low with only 44 probes. The overlap between each of the three datasets 

was similar and ranged from 11 to 14%. The relatively low number of overlapping 

candidates might have been caused by differences in the three models. The BL cell 

lines originated from BL patients with different genders, ages, and presence of 

Epstein-Barr virus (EBV) in part of them. The P493-6 B-cell model, generated by 

introducing a conditional myc allele in immortalized normal peripheral B-cells, was 

helpful in the identification of MYC-induced lncRNAs, as shown by the confirmed early 

response to MYC induction for almost all candidates. However, a proportion of the 

lncRNAs expressed in P493-6 cells were not expressed in BL and vice versa. By 

including this model, some potentially interesting lncRNAs might have been missed. 

To circumvent these potential problems a more ideal model would be to generate a BL 

cell line with a conditional myc allele. The third data set was based on differential 

expression between primary MYC-low CLL and primary BL cases. This data set was 

included to ensure expression in primary BL cases and prevent selection of cell line 

specific lncRNAs. However, BL and CLL are two distinct disease entities and the 

observed differences in lncRNA expression were likely related not only to MYC levels. 

It was important to include BL primary cases, but it might have been better to compare 

those to purified GC-B cells or normal lymph nodes. Together, these considerations 

might explain the limited number of overlapping lncRNA loci. Future studies should be 

focused on the overlap between MYC-regulated candidates in BL cell lines and 

upregulated in BL tissue samples compared to controls to improve the candidate 

selection procedure. This will result in a more complete list of MYC-induced lncRNAs 

that might be relevant for BL pathogenesis. 
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The overlap between the three data sets revealed 44 probes that were MYC-induced 

and upregulated in BL. Although this number of candidates was reasonable, the 

resulting true lncRNA loci showing the expected expression pattern was much lower. 

In part, probes were not properly annotated and detected protein coding genes. 

Furthermore, 29 of them could target both lncRNAs and a homologous protein coding 

genes. For most of these, the levels of lncRNAs were much lower than those of 

protein coding genes. Thus, it is possible that the differential expression as observed 

by microarray might be related to the homologous protein coding genes instead of the 

lncRNAs. After qRT-PCR analysis this turned out to be the case for 10 of the 15 tested 

lncRNAs. Another difficulty was the fact that specific probes sometimes target many 

transcript variants from the same or even from different homologous lncRNA loci. For 

example, the probe CUST_9912_PI427622066 (Table S3) can target 4 lncRNA loci on 

different chromosomes that together contain 17 transcripts (Figure S3B). Altogether, 

this complicated the design of shRNAs specifically targeting the lncRNAs of interest 

and not the homologous protein coding genes. 

After validating expression of the lncRNAs, we designed and cloned a total of 38 

shRNAs corresponding to 16 lncRNA candidates. A clear phenotype was observed for 

3 constructs. However, efficiency of target transcript knockdown by shRNAs was not 

validated for individual constructs. Therefore, we cannot conclude that the 

corresponding lncRNAs that did not give a phenotype in the screen were indeed not 

essential for BL growth. One of the main challenges in studying lncRNAs is the lack of 

efficient loss-of-function approaches, especially for transcripts that are predominantly 

localized in the nucleus [36,37]. To improve the experimental setup, the CRISPR-Cas9 

system could be used as an alternative strategy. This could enable targeting of a 

specific lncRNA transcript and not transcripts derived from other highly homologous 

loci. Moreover, deleting lncRNA regions by CRISPR-Cas9 could be more effective as 

compared to shRNA constructs [38]. We have tried this approach for MAFG-AS1, 

however we were not able to efficiently delete the lncRNA region (data not shown). In 

a recent report by Raffeiner, CRISPR interference (CRISPRi) was applied to identify 

MYC-regulated lncRNAs that were essential for proliferation or survival of BL cells [39]. 

Interestingly, one of the 320 identified lncRNAs, the MYC-induced lncRNA SNHG17, 

was also included in our study but showed no obvious effect on growth of BL cells. 

This might have been caused by low efficiency of the shRNA and indicates that a 

more powerful approach is needed for future studies on the role of lncRNAs. 

Of the three shRNAs that emerged from our screens, the shRNA targeting MAFG-AS1 

showed the most profound effect on BL cell growth. MAFG-AS1 was shown to be 

upregulated and exert oncogenic functions by promoting cell proliferation, invasion, 

and/or inhibiting apoptosis by overexpression or/and knockdown in several types of 

cancers [40-44]. These studies showed that MAFG-AS1 acts as competing 

endogenous (ce)RNA in adenocarcinoma, colorectal cancer, breast carcinoma, 
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non-small-cell carcinoma, and hepatocellular carcinoma. However, we did not find any 

proof for a potential interaction between MAFG-AS1 and any miRNA in BL as 

MAFG-AS1 was not enriched in AGO2-IP pulldowns in BL cell lines. In hepatocellular 

carcinoma, MAFG-AS1, besides interacting with miR-6852, promoted proliferation, 

migration and invasion, which was at least partly achieved by activating the PI3K/AKT 

signaling pathway [40]. In lung adenocarcinoma and colorectal cancer cells 

MAFG-AS1 was mainly located in the cytoplasm [41,44], whereas we showed a 

predominant nuclear location in BL cells, suggesting a potential role in chromatin and 

transcription regulation. We did not find evidence for cis-regulatory effects of 

MAFG-AS1 but these effects may have been missed as shRNAs do not specifically 

knockdown transcripts at the site of transcription. Therefore, future studies should 

focus on potential cis and trans regulatory roles of this lncRNA. 

In summary, we identified 14 probes corresponding to 19 MYC-induced lncRNA loci 

and explored their effect on BL cell growth in a semi-high throughput loss-of-function 

screening. This resulted in the identification of 3 shRNAs that were essential for BL 

growth. We selected MAFG-AS1 and studied a potential cis-regulatory role. However, 

we did not establish its function in BL yet. At present, the approach for an effective 

loss-of-function screen for lncRNAs is suboptimal and needs to be improved to allow 

efficient screening of lncRNAs in future studies. 

Materials and methods 

Tissue samples and cell lines 

BL cell lines were cultured at 37°C under an atmosphere containing 5% CO2 in 

RPMI-1640 medium (Cambrex Biosciences, Walkersville, MD, USA) supplemented 

with 2nM ultra glutamine, 100U/ml penicillin, 0.1mg/ml streptomycin, and 10% (DG75, 

CA46, Ramos, and Namalwa) or 20% (ST486 and BL65) Fetal Bovine Serum 

(Sigma-Aldrich, Zwijndrecht, The Netherlands). P493-6 cells were cultured as 

described previously [33]. We routinely confirmed cell line identity using the 

PowerPlex® 16HS System (Promega, Leiden, The Netherlands) and tested for 

mycoplasma contamination using a PCR based assay [45]. 

Germinal center B (GC-B) cells were obtained previously as described in [33,46,47]. 

Written permissions for the use of the tonsil samples were obtained from the parents 

of the children. The procedures were according to the guidelines of the medical ethics 

board of the University Medical Center Groningen. 
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RNA isolation 

The miRNeasy Mini kit (Qiagen, Hiden, Germany) was used to isolate RNA according 

to the manufacturer’s instructions. The RNA concentration was measured by a 

NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, USA) 

and integrity was evaluated on a 1% agarose gel. 

LncRNA profiling in BL cells and GC-B cells 

The lncRNA expression profiles of BL cell lines (DG75, CA46, Ramos, Namalwa, 

ST486, and BL65) and three samples of GC-B cells were generated using a custom 

designed microarray (AMADID no.: 072363, Agilent Technologies, Santa Clara, CA, 

USA). This array contained 31,456 probes for lncRNAs and 27,186 probes for mRNAs. 

On average, three probes per lncRNA locus were included. 28,533 of the lncRNA 

probes were custom designed and the remainder of the probes for lncRNA and 

mRNAs were derived from AMADID no. 028004 (Agilent Technologies). According to 

the manufacturer’s protocol, 50 to 100ng total RNA from BL cell lines and samples of 

GC-B cells was labeled with Cyanine 3-CTP (Cy3) or Cyanine 5-CTP (Cy5) using the 

LowInput QuickAmp Labeling kit (Agilent Technologies). Equal amounts of Cy3- and 

Cy5-labeled samples were mixed and hybridized on the microarray slide. After 

washing, slides were scanned in Agilent DNA Microarray Scanner (Agilent 

Technologies). Data were extracted with Agilent Feature Extraction software v12 

(Agilent Technologies) and analyzed using Gene Spring XG 12.5 (Agilent 

Technologies) as described previously [33]. Briefly, probes were included for 

downstream analysis when they were flag present in all BL cell lines or in all GC-B cell 

samples and had expression levels in the 10th to 100th percentile. Significantly 

differentially expressed lncRNAs were identified using a moderated T-test and 

Benjamini-Hochberg multiple testing correction. Probes with a ≥2-fold change in 

expression and p-value <0.05 were used in further study. Genesis software v1.7.6 

(Institute for Genomics and Bioinformatics Graz, Graz, Austria) was used to generate 

the heat map. 

LncRNAs (1) differentially expressed between BL primary cases and CLL and (2) 

MYC-regulated in P493-6 B-cell model with a repressible MYC-allele were retrieved 

from our previous study [33]. The MYC-induced lncRNAs upregulated in BL were 

defined based on an overlap in the three models, i.e. upregulated in BL cell lines as 

compared to GC-B cells, more abundant in BL cases as compared to CLL, and 

MYC-induced in P493-6 B cells. 
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qRT-PCR 

First strand cDNA was synthesized with Superscript II reverse transcriptase according 

to the recommendations of the manufacturer (Life Technologies Europe BV, The 

Netherlands). The qRT-PCR reactions were performed on a LightCycler 480 system 

(Roche, Penzberg, Germany) in triplicate using SYBR Green Master Mix (Applied 

Biosystems). Cycle crossing point (Cp) values were determined with LightCycler 480 

software version 1.5.0 (Roche, Basel, Switzerland). Relative expression levels of 

lncRNAs to the house-keeping gene were determined by calculating 2−△Cp (△

Cp=CplncRNA/mRNA-Cphouse-keeping). Primer sequences are listed in Table S1. 

MYC binding site analysis 

To determine the distance between the transcription start site (TSS) of lncRNA 

candidates and center of MYC binding sites, two published datasets of MYC 

chromatin immunoprecipitation (ChIP) in BL cell lines and P493-6 B-cells  were 

re-analyzed using MACS software v1.4.2 [33-35]. 

High throughput screen 

One to five shRNA constructs were generated for the consistently MYC-induced 

lncRNAs that were upregulated in BL. In addition, three non-targeting shRNA 

constructs were included. All shRNAs were designed using the Invivogen siRNA 

wizard (https://www.invivogen.com/sirnawizard) and cloned into the EcoRI and BamHI 

restriction sites of pGreen-Puro Lentiviral vector (SBI). Sequences of the shRNAs are 

listed in Table S2 and were verified by Sanger sequencing of the resulting constructs. 

The pool of 41 constructs were mixed in equal amounts and used to produce lentiviral 

particles as described previously [47]. Briefly, HEK-293T cells were seeded in 6-well 

plates and grown till ~80% confluence. A plasmid mix consisting of 15μl CaCl2 (2.5M), 

1μg pMSCV-VSV-G, 1μg pRSV.REV, 1μg pMDL-gPRRE, 2μg mixed lentiviral vectors 

and 150μl of 2x HBS was prepared to transfect the HEK-293T cells. Virus was 

harvested and filtered by a 0.45μm filter 48 hours after transfection. Virus was either 

used directly or stored at -80°C. In addition to the above-mentioned constructs, the 

pool also included 208 other constructs that were irrelevant to this project. 

The lentiviral pool was used to infect ~7.5 million cells of three BL cell lines (ST486, 

CA46, and DG75) in duplicate with the presence of 4μg/ml polybrene, aiming at an 

infection percentage of ~10-15% cells. This yielded around 3,000 infected cells for 

each construct at the start of the experiment. At day 5, GFP+ cells were sorted using a 

MoFlo sorter with a 70μm nozzle (BD Biosciences, Dan Jose, California, USA). For 

each infection, one million GFP+ cells were collected for DNA isolation and at least 

one million GFP+ cells were kept in culture at each passage until day 40 to ensure 

https://www.invivogen.com/sirnawizard
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good representation of the infected cells in the culture. Cells were harvested for DNA 

isolation at day 7, 15, 25, and 40 for DG75 and at day 9, 15, 25, and day 40 after 

infection for ST486 and CA46. Cell pellets were stored in -20°C for DNA isolation. 

DNA isolation and polymerase chain reaction (PCR) 

Genomic DNA was isolated using a salt/chloroform extraction method and the 

concentrations were measured by a NanoDropTM 1000 Spectrophotometer (Thermo 

Fisher Scientific Inc.). DNA quality was checked on a 1% agarose gel.  

ShRNA inserts were amplified in duplicate using ampliTaq DNA Polymerase according 

to the manufacturer’s instructions (Thermo Fisher Scientific Inc.). The sequence of the 

universal forward primer was 5’-CTGGGAAATCACCATAAACG-3’ with a unique 

8-11nt sample ID for each individual PCR reaction. The sequences of the reverse 

primers were 5’-CTAACCAGAGAGACCCAGTAG-3’ for ST486 samples, 

5’-TCTAACCAGAGAGACCCAGTAG-3’ for DG75 samples, and 

5’-GTCTAACCAGAGAGACCCAGTAG-3’ for CA46 samples. Approximately 400ng 

genomic DNA, equivalent to about 67,000 cells (~6pg DNA/cell), was used as 

template for each PCR reaction. This corresponded to around 53,000 GFP+ cells for 

the samples with the lowest purity (i.e. 75% GFP+). The PCR products were checked 

on a 2% agarose gel and mixed in equal amounts based on band intensities. 

Library preparation, next generation sequencing, and data analysis 

The mixed PCR products were digested by Agsl (SibEnzyme, Academtown, Russia) 

which cuts in the loop sequence of the short hairpins to prevent formation of unwanted 

hairpin-like structures during the sequencing reaction. The DNA Clean & 

ConcentratorTM-5 kit (Zymo Research, Irvine, CA) was used to purify the mixed PCR 

products. Adaptor ligation was done using the NEBNext Multiplex (#E7335) oligos for 

Illumina (New England Biolabs, Ipswich, Massachusetts, USA). Paired-end 

sequencing was carried out using the MiSeqTM platform (Illumina, San Diego, CA, 

USA). The sample ID guided assignment of the reads to samples and alignment of 

insert sequences of the constructs was processed by SAM tools (version 1.3; 

http://www.htslib.org/) and BWA (version 0.7.12; https://github.com/lh3/bwa) 

respectively. 

Total reads were normalized to 50,000 and average read counts of the PCR 

duplicates were calculated per construct. Constructs with an average read count less 

than 50 in 2 of 3 BL cell lines on day 5 were excluded from downstream analysis. 

Identification of constructs with significant change over time was performed as 

described previously [9]. In brief, fold changes of read counts per construct relative to 

day 5 were determined for each independent infection. For constructs with a ratio 

above 1, the fold changes were corrected by subtracting 1 from each value and for 

http://www.htslib.org/
https://github.com/lh3/bwa
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constructs with a ratio below 1, fold changes were corrected by adding up 1. The 

slope of the resulting trend lines with the starting point forced to 0 of the adapted fold 

changes was determined using MATLAB 6.1 (The MathWorks Inc., Natick, MA, 2000). 

An adapted Tukey interquartile (IQR) method with a lower band cutoff of Q1-(1xIQR) 

and an upper band cutoff of Q3+(1xIQR) were applied to all slopes to identify 

constructs with an altered abundance in the cell populations. Constructs with a 

consistent increased or decreased abundance in at least 2 infections of a BL cell line 

were considered for follow-up. 

Green fluorescent protein (GFP) competition assay 

To validate the high throughput screening results, three BL cell lines (ST486, DG75, 

and CA46) were infected with individual shRNA construct and two negative controls, 

aiming at an efficiency of 20% to 50% GFP+ cells. The percentage of GFP+ cells was 

monitored tri-weekly by flow cytometry (BD Biosciences, San Jose, CA, USA). GFP+ 

percentages were normalized to the percentage of GFP+ cells at day 4. Statistical 

analysis of GFP growth competition assays was performed as described previously 

[3]. Briefly, decrease or increase in percentages of GFP+ cells over time was 

compared with the controls using a mixed model with time and the interaction of time 

and construct types as fixed effects and measurement repeat within construct type as 

random effect in SPSS (22.0.0.0 version, IBM, Armonk, New York, USA). 

Nuclear and cytoplasmic fractions 

Nuclear and cytoplasmic fractions were separated from ST486 and DG75 cells as 

described previous [28]. Briefly, 200 µL lysis buffer (140 mM NaCl, 1.5 mM MgCl2, 10 

mM Tris-HCl pH8.0, 1 mM DTT, 0.5% Nonidet P-40) was added to pellets of ∼8 million 

cells, followed by 5 minutes incubation on ice and centrifugation for 3 minutes at 4°C 

and 1000g. The supernatant was collected as the cytoplasmic fraction and the pellet 

containing the nuclei was washed twice with lysis buffer. Qiazol (1 ml; Qiagen, 

Germantown, MD, USA) was added to the ∼200 µL cytoplasmic fraction and to the 

nuclear pellet. 
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Supplementary Figures 

 
Figure S1. Expression of lncRNA candidates and the homologous protein coding genes in BL 
cell lines. Expression levels of 8 probes targeting lncRNAs and homologous protein coding genes 
were tested in 4 BL cell lines (ST486, DG75, CA46, and Ramos) using lncRNA- (right site) and 
mRNA-specific (left site) primer sets by qRT-PCR. Levels of genes were normalized to housekeeping 
gene TBP. The lines represent mean values. 
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Figure S2. Preparation of samples for sequencing and reads overview. (A) An example of GFP+ 
cells sorting at day 5 for miRZip pool infected cells. (B) Sizes of miRZip PCR products ranged from 172 
to 194bp. (C) Total reads of miRZip samples in 3 BL cell lines and (D) Average read counts per 
construct at baseline (day 5 post-infection, sorted cells).  
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Figure S3. LncRNA loci targeted by (A) TCONS_l2_00028770-sh1 and (B) 
TCONS_l2_00007970-sh4. The probes in red boxes are MYC-induced and upregulated in BL and the 
shRNAs in red boxes showed effect on BL cell growth.  
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Supplementary Tables 

Table S1. Primer sequences. 

NO. LncRNA/mRNA Primer  

1 lnc-MAFG-AS1 
F: 5'-CAATTCTGCCACGCCTCTTC-3' 

R: 5'-CGTCGGCCCCTGTATCTTTA-3' 

2 TCONS_00002142 
F: 5'-CCTAGTGCTGGGTTTGTTTGG-3' 

R: 5'-GAATGCCACTTCTGTTAATTCATGC-3' 

3 TCONS_l2_00025976-77 
F: 5'-GGCTGACTCTTGCTTGTGGT-3' 

R: 5'-GGCTGACTCTTGCTTGTGGT-3' 

4 lnc-SNHG15-1 
F: 5'-AGTGAGGAGTGGAGCTGAATTTG-3' 

R: 5'-AGAAGGGCAACAAGCGAGG-3' 

5 lnc-SNHG17 
F: 5'-TGGTCATTTGCCCCGATTGT-3' 

R: 5'-TCCTAACAGAAAGGACATGAAAGGA-3' 

6 TCONS_00019700 
F: 5'-CCGTCACCAGTTATCACACCA-3' 

R: 5'-GGTTTGGGGCTAGAGGTACAG-3' 

7 
TCONS_l2_00028461 TCONS_l2_00028463 
TCONS_l2_00028087 TCONS_l2_00028088 

TCONS_l2_00028086 

F: 5'-ACTGGGACGTAGTGACGGT-3' 

R: 5'-GACCCTGACCAGTGACACAA-3' 

8 lnc-ZNF-107 
F: 5'-GGTTGGCTGATCAAGATGACA-3' 

R: 5'-AAGACAGCTCTGCTGGGTTAT-3' 

9-10 
Locus 1: TCONS_l2_00029735  F: 5'-CACAGGGTGGATTGCCTCTAA-3' 

Locus 2: TCONS_l2_00029970 R: 5'-CCCCGTCTCCTATCAAGGC-3' 

11-14 

Locus 1 : 

F: 5'-AACAGTATGGCTCCAAAGGATGA-3' 

TCONS_l2_00007970 TCONS_l2_00008347 
TCONS_l2_00008348 TCONS_l2_00008343  

Locus 2 :  

TCONS_l2_00008291 TCONS_l2_00008293  
TCONS_l2_00008292  

Locus 3 : 

TCONS_l2_00017850 TCONS_l2_00017851 
TCONS_l2_00017852  TCONS_l2_00018290 
TCONS_l2_00018292 TCONS_l2_00018293 

TCONS_l2_00018294  TCONS_l2_00017848 
TCONS_l2_00017849  

R: 5'-CTGTGGTGGACATACACAAAGAGA-3' 

Locus 4 : 

TCONS_l2_00015489 

15 TCONS_l2_00013902 
F: 5'-GTTGTCACTACTAGAGAAGTCCCTG-3' 

R: 5'-TGAAGAACCAGAATCTGTCACTCAT-3' 

16 

TCONS_l2_00028770 
F: 5'-ACACTCAGCAGGGTTTTGGA-3' 

R: 5'-TGTGACTCACTCACCGTTCC-3' 

TCONS_l2_00028769 
F: 5'-ACTGGGTCTCAAACAATGGGG-3' 

R: 5'-CCATCCACCACGCCACA-3' 

17 TCONS_l2_00010222 
F: 5'-ATTGCTTCTTTCGGCATTTCCTG-3' 

R: 5'-AAGCCAACAGTACAGCCAGC-3' 

18 TCONS_l2_00005705 
F: 5'-AAATTGCACAGGATGGAAAAACACT-3' 

R: 5'-TCGCTCAACAGAACATAGGCA-3' 
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NO. LncRNA/mRNA Primer  

19 TCONS_l2_00026188 
F: 5'-GCTGGGCTGTTAGTTCCCTA-3' 

R: 5'-GCTCAGGCCAACTTTTCTCC-3' 

20 EBPL 
F: 5’-CTGAAGCATGGGCGCTGA-3' 

R: 5’-CAGCGCGTCGTAGCAGA-3' 

21 MTHFDL1 
F: 5’-CCGATGCAGACTCCTGAAACA-3' 

R: 5’-GAGGTCCTTTTGCCGAACAC-3' 

22 EFCAB3 
F: 5’- GAAGGAGTTGATGCCTCATTTGAC -3' 

R: 5’- AAACTTCTTCAGGCCCTCCATTA -3' 

23 EEF1E1 
F: 5’- CCAATGCGGGAGGTTCTTGT -3' 

R: 5’-TCCAGTAGCGACAACTCTGC-3' 

24 HSPD1 
F: 5’-CGATTTCTGCAAACGGAGACA -3' 

R: 5’-CCTCGATCAAACTTCATGCCTTC-3' 

25 MAFG 
F: 5’-CCTCTCCCGCGTCTTATTCC-3' 

R: 5’-TCTGATAGGAGGCAGCCCTT-3' 

26 PYCR1 
F: 5'-AAGATGGGACTTCCAAGGCG-3' 

R: 5'-CATGCAAGGCATGGATGGTG-3' 

27 RPPH1 
F: 5'-AGCTTGGAACAGACTCACGG-3' 

R: 5'-AATGGGCGGAGGAGAGTAGT-3' 

28 SNHG4 
F: 5'-AGTAGGGCATCCTTCACCCA-3' 

R: 5'-CCCTACCCCCATCTGAGCTAT-3' 

29 U3 SNORNA 
F: 5'-AACCCCGAGGAAGAGAGGTA-3' 

R: 5'-CACTCCCCAATACGGAGAGA-3' 

30 TBP 
F: 5'-GCCCGAAACGCCGAATAT-3' 

R: 5'-CCGTGGTTCGTGGCTCTCT-3' 
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Table S2. Oligos to generate lncRNA constructs for the high throughput screen and the validation experiments. 

Insert Sense (5'-GATCC-Insert-TTTTTG-3') Anti-sense (5'-AATTCAAAAA-Insert-G-3') 

TCONS_l2_00010222-sh1 GATTGCTTCTTTCGGCATTTCTTCAAGAGAGAAATGCCGAAAGAAGCAATC GATTGCTTCTTTCGGCATTTCTCTCTTGAAGAAATGCCGAAAGAAGCAATC 

TCONS_l2_00025977-sh1 GCCCACACTTAGATCAAAGATTCAAGAGATCTTTGATCTAAGTGTGGGC GCCCACACTTAGATCAAAGATCTCTTGAATCTTTGATCTAAGTGTGGGC 

TCONS_l2_00025977-sh2 TCACCATATTTCAATTCAAGAGATTGAAATATGGTGAGGATC GATCCTCACCATATTTCAATCTCTTGAATTGAAATATGGTGAGGATC 

TCONS_l2_00028769-sh1 GCCTGACTGGGTCTCAAACATTCAAGAGATGTTTGAGACCCAGTCAGGC GCCTGACTGGGTCTCAAACATCTCTTGAATGTTTGAGACCCAGTCAGGC 

TCONS_l2_00028769-sh2 ACACTGAGGACACTTGCTATGTTCAAGAGACATAGCAAGTGTCCTCAGTGT ACACTGAGGACACTTGCTATGTCTCTTGAACATAGCAAGTGTCCTCAGTGT 

TCONS_l2_00028769-sh3 GAGGGCTGTACATCTAAGTTTCAAGAGAACTTAGATGTACAGCCCTC GAGGGCTGTACATCTAAGTTCTCTTGAAACTTAGATGTACAGCCCTC 

TCONS_l2_00028770-sh1 ATTACAGTAAGTGTCACTAAATTCAAGAGATTTAGTGACACTTACTGTAAT ATTACAGTAAGTGTCACTAAATCTCTTGAATTTAGTGACACTTACTGTAAT 

TCONS_l2_00028770-sh2 GAACGGTGAGTGAGTCACATTTTCAAGAGAAATGTGACTCACTCACCGTTC GAACGGTGAGTGAGTCACATTTCTCTTGAAAATGTGACTCACTCACCGTTC 

TCONS_l2_00005705-sh1 GCTGACCCTAAATCTTGAAGATTCAAGAGATCTTCAAGATTTAGGGTCAGC GCTGACCCTAAATCTTGAAGATCTCTTGAATCTTCAAGATTTAGGGTCAGC 

TCONS_l2_00005705-sh2 GCAAATTTCCTCAGAAGCTGTTCAAGAGACAGCTTCTGAGGAAATTTGC GCAAATTTCCTCAGAAGCTGTCTCTTGAACAGCTTCTGAGGAAATTTGC 

TCONS_l2_00005705-sh3 ACCAATGTATGGCTTTCAACTTTCAAGAGAAGTTGAAAGCCATACATTGGT ACCAATGTATGGCTTTCAACTTCTCTTGAAAGTTGAAAGCCATACATTGGT 

TCONS_l2_00005705-sh4 GGAAGAAGAACAGTGATTATCTTCAAGAGAGATAATCACTGTTCTTCTTCC GGAAGAAGAACAGTGATTATCTCTCTTGAAGATAATCACTGTTCTTCTTCC 

TCONS_l2_00007970 -sh1 GGATGAAATTTCATTCTGATTTTCAAGAGAAATCAGAATGAAATTTCATCC GGATGAAATTTCATTCTGATTTCTCTTGAAAATCAGAATGAAATTTCATCC 

TCONS_l2_00007970 -sh2 GGCTGAAGACTATTCTCTTTGTTCAAGAGACAAAGAGAATAGTCTTCAGCC GGCTGAAGACTATTCTCTTTGTCTCTTGAACAAAGAGAATAGTCTTCAGCC 

TCONS_l2_00007970 -sh3 GTCCACCACAGTTACTTTATTTCAAGAGAATAAAGTAACTGTGGTGGAC GTCCACCACAGTTACTTTATTCTCTTGAAATAAAGTAACTGTGGTGGAC 

TCONS_l2_00007970 -sh4 GATGGGCAGTCTCGCTGTATTTCAAGAGAATACAGCGAGACTGCCCATC GATGGGCAGTCTCGCTGTATTCTCTTGAAATACAGCGAGACTGCCCATC 

TCONS_00019700-sh1 GTGATGAATTCCCTTTAGATTCAAGAGATCTAAAGGGAATTCATCAC GTGATGAATTCCCTTTAGATCTCTTGAATCTAAAGGGAATTCATCAC 

TCONS_00019700-sh2 GCTTGGAGACACTATATAATTCAAGAGATTATATAGTGTCTCCAAGC GCTTGGAGACACTATATAATCTCTTGAATTATATAGTGTCTCCAAGC 

TCONS_00019700-sh3 GCACCAACTGAGTAGGTAATTCAAGAGATTACCTACTCAGTTGGTGC GCACCAACTGAGTAGGTAATCTCTTGAATTACCTACTCAGTTGGTGC 

TCONS_00002142-sh1 GTTCTTATAGCCGTGAGATTTCAAGAGAATCTCACGGCTATAAGAAC GTTCTTATAGCCGTGAGATTCTCTTGAAATCTCACGGCTATAAGAAC 

TCONS_00002142-sh2 GCCTTAATGGGATGGAATATATTCAAGAGATATATTCCATCCCATTAAGGC GCCTTAATGGGATGGAATATATCTCTTGAATATATTCCATCCCATTAAGGC 

TCONS_00002142-sh3 GGCATGAATTAACAGAAGTTTCAAGAGAACTTCTGTTAATTCATGCC GGCATGAATTAACAGAAGTTCTCTTGAAACTTCTGTTAATTCATGCC 

TCONS_l2_00029735-sh1 GATTGACAACCGGTCTCATTTCAAGAGAATGAGACCGGTTGTCAATC GATTGACAACCGGTCTCATTCTCTTGAAATGAGACCGGTTGTCAATC 

TCONS_l2_00029735-sh2 GAAGGAGAGGGCTAGTTGTTTCAAGAGAACAACTAGCCCTCTCCTTC GAAGGAGAGGGCTAGTTGTTCTCTTGAAACAACTAGCCCTCTCCTTC 

TCONS_l2_00029735-sh3 GGATTCCAGGTTTAAGATATTCAAGAGATATCTTAAACCTGGAATCC GGATTCCAGGTTTAAGATATCTCTTGAATATCTTAAACCTGGAATCC 

TCONS_l2_00013902-sh1 GCCAAGTTGTCACTACTAGTTCAAGAGACTAGTAGTGACAACTTGGC GCCAAGTTGTCACTACTAGTCTCTTGAACTAGTAGTGACAACTTGGC 
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Insert Sense (5'-GATCC-Insert-TTTTTG-3') Anti-sense (5'-AATTCAAAAA-Insert-G-3') 

TCONS_l2_00013902-sh2 GATGAGTGACAGATTCTGGTTCAAGAGACCAGAATCTGTCACTCATC GATGAGTGACAGATTCTGGTCTCTTGAACCAGAATCTGTCACTCATC 

TCONS_l2_00013902-sh3 GACCTGAACTGCCTTATAGTTCAAGAGACTATAAGGCAGTTCAGGTC GACCTGAACTGCCTTATAGTCTCTTGAACTATAAGGCAGTTCAGGTC 

SNHG15-1-sh1 GACCTGAGAGAAGATACCTTTCAAGAGAAGGTATCTTCTCTCAGGTC GACCTGAGAGAAGATACCTTCTCTTGAAAGGTATCTTCTCTCAGGTC 

SNHG15-1-sh2 GGAAGGAGTCAGGAATTTCTTCAAGAGAGAAATTCCTGACTCCTTCC GGAAGGAGTCAGGAATTTCTCTCTTGAAGAAATTCCTGACTCCTTCC 

SNHG17-sh1 GCTGTGATCTGGATTAGCATTCAAGAGATGCTAATCCAGATCACAGC GCTGTGATCTGGATTAGCATCTCTTGAATGCTAATCCAGATCACAGC 

SNHG17-sh2 GTCCCGATCATTAACAGTGTTCAAGAGACACTGTTAATGATCGGGAC GTCCCGATCATTAACAGTGTCTCTTGAACACTGTTAATGATCGGGAC 

SNHG17-sh3 GGATTACTCTAGCTGGTCATTCAAGAGATGACCAGCTAGAGTAATCC GGATTACTCTAGCTGGTCATCTCTTGAATGACCAGCTAGAGTAATCC 

MAFG-AS1-sh1 CGTGTCTGGACTTTTTCAAGAGAAAAGTCCAGACACGGGATC GATCCCGTGTCTGGACTTTTCTCTTGAAAAAGTCCAGACACGGGATC 

MAFG-AS1-sh2 GAACCGCGAAAGGCTACTGTTTCAAGAGAACAGTAGCCTTTCGCGGTTC GAACCGCGAAAGGCTACTGTTCTCTTGAAACAGTAGCCTTTCGCGGTTC 

MAFG-AS1-sh3 GAGCCTGTCCTGCACAAGTATTCAAGAGATACTTGTGCAGGACAGGCTC GAGCCTGTCCTGCACAAGTATCTCTTGAATACTTGTGCAGGACAGGCTC 

MAFG-AS1-sh4 GCTCTGCACGAAGATCTCCTTTCAAGAGAAGGAGATCTTCGTGCAGAGC GCTCTGCACGAAGATCTCCTTCTCTTGAAAGGAGATCTTCGTGCAGAGC 

MAFG-AS1-sh5 GCAATTCCAACCAAGAAACTTTCAAGAGAAGTTTCTTGGTTGGAATTGC GCAATTCCAACCAAGAAACTTCTCTTGAAAGTTTCTTGGTTGGAATTGC 

MAFG-AS1-sh6 ACTGTACTGAGAGGGATACTTTCAAGAGAAGTATCCCTCTCAGTACAGT ACTGTACTGAGAGGGATACTTCTCTTGAAAGTATCCCTCTCAGTACAGT 

MAFG-AS1-sh7 ATCTCCACGACCGGCTTTAAGTTCAAGAGACTTAAAGCCGGTCGTGGAGAT ATCTCCACGACCGGCTTTAAGTCTCTTGAACTTAAAGCCGGTCGTGGAGAT 
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Table S3. Information of lncRNA candidates. 

NO. Probe Type 
lncRNA 
locus 

Targeted transcript 
lncRNA 

expression 
MYC- 

induced 
MYC 

binding site 
shRNA 

1 A_33_P3238543 lncRNA 1 TCONS_00025107 TCONS_00025525 (MAFG-AS1) 
 

yes yes 5 

2 CUST_2653_PI427622068 
lncRNA 2 TCONS_00002142 

 
yes no 3 

3 CUST_2655_PI427622068 

4 CUST_23659_PI427622068 lncRNA 3 TCONS_l2_00025976 TCONS_l2_00025977 
 

yes  2 

5 A_24_P506977 lncRNA 4 lnc-SNHG15-1 
 

yes yes 2 

6 A_24_P608302 lncRNA 5 lnc-SNHG17 
 

yes yes 3 

7 CUST_43008_PI427622066 lncRNA 6 TCONS_00019700 
 

yes yes 3 

8 A_33_P3371564 lncRNA 7 
TCONS_l2_00028461 TCONS_l2_00028463 TCONS_l2_00028087 

TCONS_l2_00028088 TCONS_l2_00028086  
yes no 0 

9 A_32_P57702 lncRNA 8 lnc-ZNF-107 
 

ND no 0 

10 CUST_27931_PI427622068 lncRNA 9-10 

Locus 1: 
TCONS_l2_00029735 

Locus 2: 
TCONS_l2_00029970 

 
yes no 3 

11 CUST_9912_PI427622066 lncRNA 11-14 

Locus 1 : 
TCONS_l2_00007970 TCONS_l2_00008347 TCONS_l2_00008348 

TCONS_l2_00008343 
Locus 2 : 

TCONS_l2_00008291 TCONS_l2_00008293  TCONS_l2_00008292 
Locus 3 : 

TCONS_l2_00017850 TCONS_l2_00017851 TCONS_l2_00017852  
TCONS_l2_00018290 TCONS_l2_00018292 TCONS_l2_00018293 

TCONS_l2_00018294  TCONS_l2_00017848 TCONS_l2_00017849 
Locus 4 : 

TCONS_l2_00015489 

 
yes no 4 

12 CUST_9909_PI427622066 lncRNA 14 TCONS_l2_00015489 
  

no 
 

13 CUST_7703_PI427622068 lncRNA/mRNA 15 TCONS_l2_00013902 / EEF1E1 yes yes yes 3 

14 CUST_34508_PI427622066 
lncRNA/mRNA 16 

TCONS_l2_00028769 TCONS_l2_00028768 TCONS_l2_00028767 
TCONS_l2_00028766 TCONS_l2_00029755 TCONS_l2_00028770 

TCONS_l2_00015553 / MTHFD1L 
yes yes no 5 

15 A_32_P135243 

16 A_23_P128554 
lncRNA/mRNA 17 TCONS_l2_00010222 TCONS_00024435 / EBPL yes yes yes 1 

17 CUST_53832_PI427622066 

18 A_32_P25273 
lncRNA/mRNA 18 TCONS_l2_00005705 / HSPD1 yes yes yes 4 

19 CUST_36683_PI427622068 
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NO. Probe Type 
lncRNA 
locus 

Targeted transcript 
lncRNA 

expression 
MYC- 

induced 
MYC 

binding site 
shRNA 

20 A_33_P3264042 lncRNA/mRNA 19 TCONS_l2_00026188 / EFCAB3 yes yes no 0 

21 CUST_5580_PI427622066 lncRNA/mRNA 20 TCONS_l2_00002830 TCONS_l2_00001921 / AHCY no 
 

 
 

22 CUST_20176_PI427622068 

lncRNA/mRNA 21 

TCONS_l2_00024184 

no 
 

 
 

23 A_33_P3313401 TCONS_l2_00015845 TCONS_l2_00024184 

24 A_24_P376556 TCONS_l2_00024184 

25 CUST_20174_PI427622068 TCONS_l2_00024184 / CYCS 

26 CUST_40371_PI427622068 
lncRNA/mRNA 22 TCONS_l2_00007785 TCONS_l2_00007786 / MAGOHB no 

 
 

 27 CUST_49386_PI427622066 

28 CUST_6844_PI427622068 
lncRNA/mRNA 23 TCONS_l2_00013708 / MRPL36 no 

 
 

 29 A_24_P371758 

30 CUST_30376_PI427622068 

lncRNA/mRNA 24 

TCONS_l2_00030241 TCONS_l2_00030240 / ETF1 

no 
 

 
 

31 CUST_30372_PI427622068 TCONS_l2_00030241 TCONS_l2_00030240 / ETF1 

32 CUST_30374_PI427622068 TCONS_l2_00030240 

33 CUST_30378_PI427622068 TCONS_l2_00030241 TCONS_l2_00030240 

34 CUST_36891_PI427622066 
lncRNA/mRNA 25 

TCONS_l2_00030465 
no 

 
 

 35 A_23_P47790 TCONS_l2_00030465 / METTL1 

36 CUST_10002_PI427622066 lncRNA/mRNA 26 TCONS_l2_00014935 / AHCY no 
 

 
 

37 CUST_31817_PI427622066 lncRNA/mRNA 27 
TCONS_l2_00028188 TCONS_l2_00028185 TCONS_l2_00028184 / 

ASNS 
no 

 
 

 

38 A_32_P204676 

lncRNA/mRNA 28 

TCONS_l2_00018301 / FABP5 

no 
 

 
 

39 A_24_P673063 TCONS_l2_00018301 

40 A_23_P59877 / FABP5 

41 A_23_P259692 lncRNA/mRNA 29 TCONS_l2_00001295 / PSAT1 no 
 

 
 

42 A_24_P25346 mRNA 30 CIRH1A no 
 

 
 

43 A_33_P3360942 mRNA 31 SCAMP1 no 
 

 
 

44 A_23_P47565 mRNA 32 LDHA no 
 

 
 

Note: The protein coding genes are in bold. 
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