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Abstract 28 

TAL1/SCL is one of the most prevalent oncogenes in T-cell acute lymphoblastic leukemia 29 

(T-ALL).  TAL1 and its regulatory partners (GATA3, RUNX1 and MYB) positively regulate 30 

each other and coordinately regulate the expression of their downstream target genes in T-31 

ALL cells.  However, long non-coding RNAs (lncRNAs) regulated by these factors are largely 32 

unknown.  Here, we established a bioinformatics pipeline and analyzed RNA-seq datasets 33 

with deep coverage to identify lncRNAs regulated by TAL1 in T-ALL cells.  Our analysis 34 

predicted 57 putative lncRNAs that are activated by TAL1.  Many of these transcripts were 35 

regulated by GATA3, RUNX1 and MYB in a coordinated manner.  We identified two novel 36 

transcripts that were activated in multiple T-ALL cell samples but were downregulated in 37 

normal thymocytes.  One transcript near the ARID5B gene locus was specifically expressed 38 

in TAL1-positive T-ALL cases.  The other transcript located between the FAM49A and 39 

MYCN gene locus was also expressed in normal hematopoietic stem cells and T-cell 40 

progenitor cells.  Additionally, we identified a subset of lncRNAs that were negatively 41 

regulated by TAL1 and positively regulated by E-proteins in T-ALL cells.  This included a 42 

known lncRNA (lnc-OAZ3-2:7) located near the RORC gene, which was expressed in 43 

normal thymocytes but repressed in TAL1-positive T-ALL cells.   44 

45 
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Introduction 46 

Rapidly accumulating evidence demonstrates crucial roles for long non-coding RNAs 47 

(lncRNAs) in normal tissue development and cancer.1-6  lncRNAs are generally defined as 48 

non-coding transcripts longer than 200 nucleotides that are encoded in the intergenic or 49 

intronic regions or overlapping with protein-coding genes.1  lncRNAs are expressed in a 50 

tissue-specific manner, and their expression levels are generally lower than those of protein-51 

coding genes.7  The lncRNA sequences are less conserved among species compared to 52 

protein-coding genes.8  Importantly, a number of lncRNAs are functional and contribute to 53 

various aspects of cell homeostasis.5, 6  The lncRNAs can regulate gene expression through 54 

interactions with genomic DNA, mRNA or protein in the nucleus or cytoplasm,1, 3, 4 thus 55 

participating in the regulatory network in normal and malignant cells.  56 

 T-cell acute lymphoblastic leukemia (T-ALL) is a malignant disorder of thymic T-cell 57 

precursors.9  One of the most prevalent oncogenes in T-ALL is the transcription factor 58 

TAL1/SCL, which is an essential regulator of hematopoiesis.10, 11  TAL1 is normally 59 

expressed in hematopoietic stem cells (HSCs), progenitor cells and erythro-megakaryocytic 60 

lineages, but it is silenced during T-cell development.12, 13  In contrast, TAL1 is ectopically 61 

overexpressed in 40-60% of T-ALL cases due to chromosomal translocation, intra-62 

chromosomal rearrangement, or mutations in the non-coding element.14, 15  In both normal 63 

hematopoietic cells and T-ALL cells, TAL1 forms a heterodimer complex with a class I bHLH 64 

protein, known as E-proteins (E2A, HEB), and makes a large transcriptional complex with 65 

LMO protein (LMO1 or LMO2), LDB1 and GATA protein (GATA1, GATA2 or GATA3).  We 66 

previously reported that in T-ALL cells, TAL1 and several hematopoietic transcription factors 67 

(GATA3, RUNX1 and MYB) regulate the expression of downstream target genes in a 68 

coordinated manner.16  These four factors also co-occupy their own regulatory elements and 69 
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positively regulate each other, forming an interconnected auto-regulatory loop.15, 16  The 70 

same structure has been reported in normal HSCs.17, 18   71 

In normal developing thymocytes, E-proteins form a homo- or heterodimer and 72 

regulate genes required for T-cell differentiation, such as RAG1, RAG2 and PTCRA.19, 20 73 

Deficiency in E-proteins leads to blocked differentiation and development of T-cell 74 

malignancies in mice.21  TAL1 can inhibit the formation of E-protein dimers by forming a 75 

more stable transcriptional complex,22, 23 resulting in the deregulation of E-protein target 76 

genes.  Together, TAL1 disrupts the transcriptional regulatory program in developing 77 

thymocytes by inducing stem cell-like transcriptional circuitry and by blocking T-cell 78 

differentiation program.  Thus, it is important to identify downstream factors controlled by 79 

TAL1 and E-proteins.  We have previously identified several protein-coding genes and 80 

microRNAs that are directly activated by the TAL1 complex and contribute to T-ALL 81 

pathogenesis.16, 24-27  However, lncRNAs that are regulated by TAL1 and E-proteins in T-82 

ALL cells are entirely unknown.      83 

 In this study, we established a bioinformatics pipeline for the prediction of lncRNAs 84 

and analyzed the RNA-seq dataset with deep coverage after knockdown of each member 85 

of the TAL1 complex in T-ALL cells.  This analysis identified 57 putative lncRNAs that are 86 

directly regulated by TAL1, including novel transcripts.  Many were coordinately regulated 87 

by TAL1 and its regulatory partners.  Some of them were repressed in normal thymocytes. 88 

Additionally, we identified lncRNAs that are differentially controlled by TAL1 and E-proteins.   89 
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Materials and Methods 90 

Cell culture and gene knockdown 91 

All T-ALL cell lines were stocked in our laboratory24, 25 and cultured in RPMI-1640 medium 92 

(BioWest) supplemented with 10% fetal bovine serum (FBS; BioWest).  All cell lines were 93 

confirmed by DNA fingerprinting using the PowerPlex 1.2 system (Promega) in January 94 

2013 and were used from the original stock.  Cell lines were regularly tested for mycoplasma 95 

contamination. See Supplementary Table 1 for the expression of transcription factor genes 96 

defining subgroups of T-ALL.  The mouse lymphohematopoietic progenitor cell line EML 97 

was cultured in IMDM medium supplemented with 20% FBS and 200 ng/ml Recombinant 98 

Murine SCF (Peprotech).  Lentiviruses encoding short-hairpin RNAs (shRNAs) targeting 99 

each transcription factor were produced and infected the T-ALL cells, as described 100 

previously.24  Detailed procedures are described in the Supplementary Information.  101 

 102 

RNA-seq analysis  103 

Total RNA was extracted using a miRNeasy kit (Qiagen) followed by DNase treatment 104 

(Turbo DNA-freeTM kit, Ambion).  After the depletion of ribosomal RNAs, strand-specific 105 

library construction and sequencing of paired-end, 100-bp-long reads by the Illumina 106 

HiSeq4000 platform were performed at BGI Biotech Solutions Co., Ltd. (Hong Kong).  See 107 

Supplementary Table 2 for the number of sequencing reads and quality scores for each 108 

sample.  All RNA-seq data have been deposited in the NCBI GEO database (GSE97514 109 

and GSE103046).27  The RNA-seq datasets for human hematopoietic cells reported by 110 

Casero et al.28 and for mouse hematopoietic cells reported by Sun et al.29 were obtained 111 

from the GEO under accession numbers GSE69239 and GSE47819, respectively.  Twenty-112 

seven primary T-ALL cases from the Ma-Spore ALL 2003 study (DSRB ref number 113 
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2004/00275) were analyzed in this study (Supplementary Table 3). Primary cells were 114 

obtained with informed consent after approval by the institutional ethical committee.  The 115 

RNA-seq dataset for primary samples have been reported30 and deposited by Jun J. Yang 116 

in the EGA database (EGAD00001002151).  Genomic sequence for the selected lncRNA 117 

retrieved from human (hg19) genome were aligned to mouse (mm10) genome using the 118 

UCSC BLAT tool.  Details are described in the Supplementary Information.  119 

 120 

ChIP-seq datasets 121 

The Jurkat ChIP-seq datasets for TAL1, GATA3, RUNX1, MYB and H3K4me1 have been 122 

reported by us and the Young lab16, 26, 31 and can be downloaded from the GEO (GSE29181, 123 

GSE68976 and GSE59657).  The Jurkat ChIP-seq dataset for H3K4me332 was obtained 124 

from the GEO (GSM945267 and GSM945268).  H3K27ac ChIP-seq datasets for Jurkat, 125 

RPMI-8402, CCRF-CEM, MOLT-415 and normal thymus33 were obtained from the GEO 126 

(GSM1296384, GSM1442003, GSM2037781, GSM2037790 and GSM1013125).  H3K27ac 127 

ChIP-seq datasets for Loucy34 and DND-4135 were downloaded from the GEO (GSE74312, 128 

and GSE54380).  ChIP-seq data and super-enhancers were analyzed as described 129 

previously.24, 31, 36, 37 Details are shown in the Supplementary Information. 130 

 131 

Identification of lncRNAs  132 

RNA-seq datasets of T-ALL cell lines were aligned to the hg19 human genome using STAR 133 

2.5.2a and Ensembl database.38  Alignment files were used for ab initio transcriptome 134 

assembly with Cufflinks v2.2.1.39  A RefSeq GTF file was applied for Cufflinks to guide the 135 

assembly.  Transcriptome assemblies from each cell line were combined into one annotation 136 
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using Cuffmerge from Cufflinks v2.2.1.  The novel lncRNA transcripts were included when 137 

calculating the FPKM matrix.  Details are described in the Supplementary Information. 138 

 139 

Correlation analysis with neighboring gene 140 

Two protein-coding genes or a pair of lncRNA and protein-coding gene as neighbors were 141 

defined by a minimal distance of less than 100 kb.  To calculate the Pearson correlation of 142 

two neighbors, FPKM (cut off 1 in at least one T-ALL cell line) was log2 transformed after 143 

addition of 0.05.  144 

 145 

Gene set enrichment analysis (GSEA)  146 

GSEA40 was performed for the normalized genes using the log2_Ratio-of-Classes as a 147 

metric for ranking genes.  TAL1 target genes that were downregulated by knockdown were 148 

defined using the RNA-seq dataset and used as a gene set.  149 

 150 

Quantitative reverse transcription PCR (qRT-PCR) analysis 151 

Total RNA was harvested using a NucleoSpin RNA kit (Macherey-Nagel) and reverse-152 

transcribed into cDNA using QuantiTect (QIAGEN).  Quantitative PCR was performed on a 153 

QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific) using Power SYBR Green 154 

PCR Master Mix (Roche). The PCR primer sequences can be found in the Supplementary 155 

Information. 156 

 157 

Rapid Amplification of cDNA Ends (RACE)  158 

RACE was performed using the SMARTer RACE 5’/3’ Kit (Takara) according to the 159 

manufacturer’s instructions.  Briefly, total RNA was first extracted from Jurkat cells and 160 
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subjected to the SMARTer first-strand cDNA synthesis to generate either 5’-RACE or 3’-161 

RACE ready cDNA.  The 5’-RACE and 3’-RACE PCR was then performed using touchdown 162 

PCR using specific gene primers (see Supplementary Information), and the generated PCR 163 

fragments were purified and cloned into the pRACE vector for subsequent Sanger 164 

sequencing using In-Fusion HD cloning provided by the kit.  165 

 166 

In vitro transcription and translation assay 167 

The in vitro transcription and translation assay was performed using a TNT Quick Coupled 168 

Transcription/Translation System (Promega) according to manufacturer’s instructions. 169 

Briefly, we first cloned the sense or antisense sequence of XLOC_005968, the full-length 170 

mRNA of C10ORF107/CABCOCO1 or GATA3 into the expression plasmid pCS2.  See 171 

Supplementary Information for primer sequences.  A total of 500 ng of plasmid DNA was 172 

mixed with reagents for the in vitro transcription and translation assay and incubated at 30°C 173 

for 90 minutes. Western Immunoblotting was performed using the lysates to detect the 174 

presence of translated protein.  Details are described in the Supplementary Information. 175 

 176 

Statistical analysis 177 

The Wald test was used to analyze differences in gene expression among groups by RNA-178 

seq analysis.  Two-tailed student t-tests were used to analyze differences in gene 179 

expression by qRT-PCR among groups.  Adjusted P-values less than 0.05 were considered 180 

statistically significant. 181 

182 
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Results 183 

Prediction of lncRNAs expressed in T-ALL cells 184 

To identify lncRNAs expressed in T-ALL cells, we performed RNA-seq analysis in eight T-185 

ALL cell lines, which represent several major subgroups of T-ALL (Supplementary Table 1).  186 

For RNA-seq analysis, we depleted ribosomal RNAs and included both polyA+ and polyA- 187 

RNAs, because many lncRNAs have been known to lack polyA sequences.  From this 188 

analysis, we obtained over 300 million reads of high quality for each sample (Supplementary 189 

Table 2).  Using this dataset, we established an analytical pipeline to predict lncRNAs 190 

(Figure 1A).  191 

 We first mapped all sequence reads to the human genome (hg19), assembled them 192 

into transcripts and defined the annotations (i.e., “XLOC_000001”).  After removing short 193 

transcripts, we applied the Slncky pipeline developed by Chen et al.41 to search for high-194 

confidence lncRNAs (“putative lncRNAs 1”).  Because this tool potentially filters out lncRNAs 195 

that overlap with protein-coding genes, we included an additional pipeline to predict 196 

lncRNAs that share genomic DNA sequences with protein-coding genes.  From transcripts 197 

overlapping with protein-coding genes which that were rejected from Slncky pipeline, we 198 

identified 1,031 additional transcripts (“putative lncRNAs 2”).  Finally, we filtered out low-199 

expression lncRNAs for which the FKPM value was below the cut-off of 0.5.  From this 200 

analysis, we identified a total of 2,236 putative lncRNA loci including 4,857 transcripts 201 

(Supplementary Table 4).  202 

 To confirm the validity of our pipeline, we compared our result to two public databases 203 

and the results for T-ALL samples reported by others.  Out of 2,236 putative lncRNA loci, 204 

we identified 1,321 (59%) that were annotated in the GENCODE version 25 (total 15,875 205 

loci); 1,055 (47%) were annotated in the LNCipedia version 4.0 (total 48,044 loci).  206 
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Importantly, several lncRNAs were previously reported to be differentially expressed among 207 

the different subgroups of T-ALL in the dataset by Wallaert et al.34  For example, lnc-208 

FAM160A1-6 was shown to be highly expressed in the TAL1-positive subgroup, while lnc-209 

DUSP6-2 and lnc-TOMM20-2 were reported to be highly expressed in the ETP/immature T-210 

ALL and TLX-positive subgroups, respectively.34  Consistently, our pipeline identified the 211 

lnc-FAM160A1-6 that was highly expressed in four TAL1-positive T-ALL cell lines (Jurkat, 212 

RPMI-8401, CCRF-CEM and MOLT-4) (Figure 1B, top; and Supplementary Table 1).  In 213 

contrast, lnc-DUSP6-2 was specifically expressed in DND-41 cells (Figure 1B, middle), 214 

which represents the TLX-positive subgroup.  Additionally, lnc-TOMM20-2 was specifically 215 

expressed in Loucy cells (Figure 1B, bottom), which represents the ETP/immature T-ALL 216 

subgroup.42  These results indicated that our pipeline accurately predicted lncRNAs known 217 

to be expressed in T-ALL.   218 

 219 

Characterization of lncRNAs expressed in T-ALL cells 220 

We next analyzed the expression levels of the predicted lncRNAs and positional overlap 221 

with protein-coding genes.  As generally reported, the RNA expression level of putative 222 

lncRNAs was significantly lower than that of protein-coding genes, for which the median 223 

log10 maximum FPKM value was 0.17 (Figure 1C).  Classification of lncRNAs based on the 224 

positional relationship with annotated protein-coding genes indicated that approximately half 225 

were located in intergenic regions; the other half were found within the protein-coding genes 226 

(“sense”, “antisense” or “intronic”) or in the opposite direction to nearby protein-coding genes 227 

(< 1,000 bp) sharing the same transcriptional start site (“divergent”/bidirectional) (Figure 1D; 228 

and see Supplementary Figure 1A for the definitions).   229 
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 We then analyzed the correlation in RNA expression levels between putative 230 

lncRNAs and mRNAs transcribed from neighboring protein-coding genes.  This analysis 231 

demonstrated a higher positive correlation in the lncRNA-mRNA pairs (blue) than the 232 

random pairs (purple: Figure 1E).  This level was similar to that in the mRNA-mRNA pairs 233 

(red).  These results support previous findings reported by others.7, 43, 44  We did not observe 234 

notable differences between the “putative lncRNAs 1” and “putative lncRNAs 2” 235 

(Supplementary Figure 1B).   236 

 237 

Regulation of lncRNAs by TAL1 and its regulatory partners in T-ALL cells 238 

We next aimed to identify lncRNAs that are directly regulated by TAL1 and its regulatory 239 

partners (E2A, HEB, GATA3, RUNX1 and MYB) in T-ALL cells.  For this purpose, we 240 

performed RNA-seq analysis after lentiviral shRNA knockdown of each of these transcription 241 

factors in one of the TAL1-positive cell lines (Jurkat).  We independently validated the 242 

efficiency of knockdown using qRT-PCR analysis (Supplementary Figure 2A).  We used the 243 

same annotations defined earlier (i.e., “XLOC_000001”) to compare the expression level of 244 

each lncRNA between the control and knockdown samples.   245 

 We first selected the putative lncRNAs for which the TAL1 protein binds near or at 246 

the lncRNA loci using our ChIP-seq dataset in Jurkat cells.16  We applied the same cut-off 247 

(within 12 kb of the lncRNA loci) that we previously used for identifying protein-coding genes 248 

and microRNAs targeted by TAL1.16, 26  We then filtered transcripts that were significantly 249 

downregulated after shRNA knockdown of TAL1 in the same cells (adjusted p-value<0.05 250 

& log2-fold change < -0.2).  A total of 57 putative lncRNAs were selected by these criteria 251 

(Figure 2A and Supplementary Table 5).  We next analyzed the effect of the regulatory 252 

partners of TAL1 (GATA3, RUNX1 and MYB) on the expression of TAL1-regulated lncRNAs 253 
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in the same cells.  The heatmap analysis illustrated that many of the transcripts were also 254 

downregulated after knockdown of GATA3, RUNX1 or MYB (Figure 2B).  The gene set 255 

enrichment analysis (GSEA) demonstrated a positive correlation in the RNA expression 256 

changes after knockdown of each transcription factor (Figure 2C).  This trend was essentially 257 

similar to that observed for protein-coding genes using microarray analysis in our previous 258 

study16 and by RNA-seq analysis in our current study (Supplementary Figures 2B-D).  This 259 

indicated that TAL1 coordinately regulates lncRNAs with its regulatory partners in T-ALL 260 

cells.  261 

 Additionally, we evaluated the overlap of target lncRNAs that are directly regulated 262 

by each transcription factor (Figure 2D).  As expected, we observed a high level of overlap 263 

between TAL1 and other transcription factors, where 49 (86.0%) out of 57 putative lncRNAs 264 

were also directly regulated by at least one transcription factor (GATA3, RUNX1 or MYB).  265 

In contrast, RUNX1 possessed many other target lncRNAs that were not directly regulated 266 

by TAL1, GATA3 or MYB.  This result was similar to the previous observation for protein-267 

coding genes,16 suggesting that RUNX1 could also regulate lncRNA expression 268 

independent of the TAL1 complex in T-ALL cells.   269 

 270 

Two novel lncRNAs aberrantly activated by the TAL1 complex in T-ALL cells  271 

Next, we sought lncRNAs that are normally downregulated in thymocytes and are activated 272 

by TAL1 in T-ALL cells.  Among 57 putative lncRNAs selected as direct targets of TAL1 273 

(Figure 2A), we filtered the ones which were also significantly downregulated after 274 

knockdown of GATA3, RUNX1 and MYB and were bound by all these factors (Figure 3A).  275 

We further narrowed down this list to select lncRNAs associated with super-enhancers, 276 

which are defined as clusters of enhancer that exhibit high levels of the H3K27Ac active 277 
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histone mark,31, 36, 37 in the same T-ALL cells but not normal thymus in ChIP-seq analysis 278 

(Figures 3B, 3C and Supplementary Figures 3A and 3B).  This selection fielded lncRNAs 279 

that might be abnormally activated in T-ALL cells.  We independently validated the 280 

expression of each candidate by qRT-PCR in eight T-ALL cell lines (Supplementary Figures 281 

3C and 3D) and after TAL1 knockdown in Jurkat cells (Supplementary Figure 3E).  We 282 

excluded one transcript which was not significantly downregulated by qRT-PCR.  Lastly, we 283 

focused on the transcripts which have not been previously annotated.  These criteria 284 

selected two putative lncRNAs (XLOC_030252 and XLOC_005968) (Figures 3B and 3C).   285 

 XLOC_030252 was identified as a “putative lncRNAs 1” (Figure 1A) and was located 286 

in the intergenic region between the MYCN and FAM49A gene locus (Figure 3B).  The 287 

expression was observed in four TAL1-positive T-ALL cell lines (Jurkat, RPMI-8402, CCRF-288 

CRM and MOLT-4) and one TAL1-negative cell line (Loucy)(Figure 3B and Supplementary 289 

Table 3).  This transcript was expressed in many of TAL-positive subgroup of primary T-ALL, 290 

whereas it was also found in TLX-positive or other cases (Figures 3B, 3D and 291 

Supplementary Figure 3F).  On the other hand, XLOC_005968 was identified as a “putative 292 

lncRNAs 2” in our pipeline (Figure 1A), which could not be predicted by the Slncky model 293 

because the genomic position of XLOC_005968 overlapped with the last 3 exons (exons 5-294 

7) of a protein-coding gene CABCOCO1/C10ORF107 (Figure 3C).  We detected the 295 

expression of this particular transcript in two TAL1-positive T-ALL cell lines (Jurkat and 296 

MOLT-4) and two TAL1-positive primary leukemia samples (Patients 1 and 2)(Figures 3C 297 

and 3E).  This transcript was not expressed in TAL1-negative T-ALL cases above the cut-298 

off value (Figure 3E).  There was no statistical significance observed due to small size of 299 

the cohort.  Importantly, the full-length of CABCOCO1 was not expressed in any T-ALL 300 

samples based on the RNA-seq analysis (Figure 3C).  To verify this result, we designed 301 
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specific primers targeting the exon 3 of CABCOCO1, which was not shared by 302 

XLOC_005968, or the exon 7, which are shared by XLOC_005968, and measured the 303 

expression using qRT-PCR analysis.  This result revealed that only exon 7 was expressed 304 

in Jurkat and MOLT-4 cells (Supplementary Figures 3C and 3D).   305 

 Critically, XLOC_030252 and XLOC_005968 loci were bound by TAL1 and its 306 

regulatory partner proteins (GATA3, RUNX1 and MYB)(Figures 3B and 3C).  The expression 307 

of both transcripts was downregulated after knockdown of each of these factors (Figures 3F 308 

and 3G).  Those loci were associated with super-enhancers in TAL1-positive T-ALL cell lines 309 

but not normal thymus (Figures 3B and 3C, red bars).  Together, our results suggested that 310 

XLOC_030252 and XLOC_005968 are normally repressed in developing thymocytes but 311 

are highly activated by TAL1 under super-enhancers in T-ALL cells. 312 

 313 

Expression of predicted lncRNAs in normal hematopoietic cells 314 

We next examined whether XLOC_030252 and XLOC_005968 were expressed in normal 315 

human hematopoietic cells, using a dataset reported by Casero et al.28  Notably, 316 

XLOC_030252 was expressed in human HSCs and early double-negative (DN) stage 317 

thymocyte/progenitor cells (“thy1-2”: see figure legend for definition). But, it was 318 

downregulated in double-positive (DP) stage (“thy4”) and single-positive (SP) stage 319 

thymocytes (“thy5, 6”)(Figure 4A and 4B), which consist the vast majority of thymocytes.  320 

This result was consistent with the H3K27ac ChIP-seq data (Figure 3B).  Interestingly, 321 

chromosomal position of XLOC_030252 was conserved between human and mouse (Figure 322 

4C).  Using the RNA-seq dataset for mouse HSCs reported by Sun et al.,29 we were able to 323 

detect RNA expression between the Mycn and Fam49a gene locus (Figure 4C), which 324 

corresponded to the human XLOC_030252 locus.  We validated this result by qRT-PCR 325 
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analysis using freshly isolated samples.  Although the expression pattern was slightly 326 

different from human cells, we found that the transcript was expressed in mouse HSCs and 327 

progenitor cells and downregulated after DN1 stage thymocytes (Figure 4D), which is similar 328 

to the expression pattern of mouse Tal1 (Supplementary Figure 4A).  Notably, the 329 

expression of this transcript was significantly downregulated after knockdown of Tal1 in the 330 

mouse hematopoietic progenitor cell line (EML) (Figure 4E).  These results indicated that 331 

XLOC_030252 is expressed in normal HSCs and progenitor cells but is downregulated 332 

during T-cell development.  It is noted that one TAL1-negative cell line (Loucy), which 333 

represents the ETP subtype of T-ALL,42 also expressed XLOC_030252 (Figure 3B).  334 

Because this transcript is expressed in T-cell progenitors (“thy1”)(Figures 4A and B), which 335 

correspond to ETP that is characterized by the absence of CD1a and CD8 expression, 336 

activation of this lncRNA in Loucy cells may reflect the stage of normal T-cell development. 337 

 In contrast, the expression of XLOC_005968 was found to be unique to human TAL1-338 

positive T-ALL cells.  This transcript was not detected in normal human hematopoietic cells 339 

in the dataset by Casero et al.28 (data not shown).  The mouse genome possesses the 340 

Cabcoco1 gene near the Arid5b gene locus (Supplementary Figure 4B), similar to the 341 

human genome, where XLOC_005968 is located (Figure 3C).  However, RNA expression 342 

was detected in all exons of Cabcoco1, in marked contrast to human T-ALL cells where only 343 

XLOC_005968, but not the full-length CABCOCO1, was expressed (Figure 3C).  According 344 

to qRT-PCR analysis, we independently confirmed that exon 1 of the Cabcoco1 gene was 345 

expressed in mouse HSCs (Supplementary Figure 4C).  Thus, these results indicated that 346 

the expression of XLOC_005968 was specific to TAL1-positive human T-ALL cells.   347 

 348 

lncRNAs differentially controlled by TAL1 and E-proteins in T-ALL cells 349 
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We next analyzed the lncRNAs that are differentially controlled by TAL1 and E-proteins.  350 

TAL1 has been reported to inhibit E-protein function by sequestering E-protein dimers, 351 

leading to deregulation of E-protein target genes.22, 23  Other group previously reported that 352 

the mutant form of TAL1, which cannot bind to DNA, could still induce T-cell 353 

leukemia/lymphoma in mice,45 indicating that TAL1 can also exert its oncogenic ability 354 

through inhibition of E-protein functions.  Hence, it would be of interest to identify lncRNAs 355 

that are positively regulated by E-proteins and opposed by TAL1 in T-ALL cells.  From our 356 

current RNA-seq analysis, we confirmed that RAG1, RAG2 and PTCRA, which are known 357 

E-protein targets,19, 20 were upregulated by knockdown of TAL1 and were further 358 

downregulated by knockdown of E2A and HEB in Jurkat cells (Supplementary Figures 5A-359 

C).  Although basal expression levels of these genes are low, this cell line is still useful for 360 

analysis of transcripts activated by E-proteins.   361 

 First, we selected putative lncRNAs (n=199) that were upregulated by TAL1 362 

knockdown (Figure 5A and Supplementary Table 6).  We next analyzed the expression 363 

changes of these transcripts after knockdown of E2A and HEB in the same cell line.  364 

Interestingly, 81 putative lncRNAs were downregulated by E2A and/or HEB knockdown (top), 365 

showing that these are positively regulated by E-proteins and are opposed by TAL1.  In 366 

contrast, 49 putative lncRNAs were also upregulated by E2A and/or HEB knockdown 367 

(bottom), indicating that these transcripts are cooperatively regulated by TAL1 and E-368 

proteins, possibly as the TAL1-E-protein heterodimer.  GSEA showed a mixed pattern of 369 

gene regulation, including both positively and negatively correlated genes (Figure 5B).  370 

For example, lncRNAs that were differentially controlled by TAL1 and E-proteins 371 

included the XLOC_001561, which is transcribed from the antisense strand encoding the 372 

RORC gene on chromosome 1 (Figure 5C).  This transcript has been annotated as lnc-373 
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OAZ3-2:7 in the LNCipedia.  RORC has been reported as an E2A target.46  Both 374 

XLOC_001561 and RORC expression were downregulated by E2A and HEB knockdown 375 

and were upregulated by TAL1 knockdown in Jurkat cells (Figure 5D and Supplementary 376 

Figure 5D).  We independently validated this result by qRT-PCR analysis in eight T-ALL cell 377 

lines (Supplementary Figure 5E) and after TAL1 knockdown in Jurkat cells (Supplementary 378 

Figure 5F). 379 

Notably, DNA binding of TAL1 was not observed at this locus (Supplementary Figure 380 

5G), suggesting that TAL1 negatively regulates the expression of XLOC_001561 and RORC 381 

in a DNA binding-independent manner, possibly through the inhibition of E-protein dimers.  382 

Both XLOC_001561 and RORC were more highly expressed in TAL1-negative cell lines 383 

(HPB-ALL and TALL-1) than in TAL1-positive cases (Figure 5C).  Importantly, this putative 384 

lncRNA was upregulated in the DP stage (“thy4”) and CD4+ or CD8+ single-positive stages 385 

of thymocytes (“thy5” and “thy6”) (Figure 5E).  A similar pattern was observed for the RORC 386 

gene (Supplementary Figure 5H).  These results indicated that XLOC_001561 and RORC 387 

are activated by E-proteins in developing T-cells and are repressed by TAL1 in malignant 388 

T-cells.  389 

 390 

Cloning of a novel lncRNA located near the ARID5B gene locus  391 

Finally, we validated the protein-coding potential of the candidate lncRNA.  We selected 392 

XLOC_005968 (Figure 3C) for this purpose because this transcript was uniquely identified 393 

by our pipeline and specifically expressed in human T-ALL cells.  The expected size of the 394 

transcript was also less than 1 kb, and thus it could be inserted into an expression vector, 395 

while the other novel lnRNA (XLOC_030252) was too large to be cloned.   396 



Ngoc and Tan et al  lncRNA expression profile in T-ALL 
 

18 
 

 We first tried to detect the full-length sequence of XLOC_005968 by the RACE 397 

method using specific primers (Figure 6A and Supplementary Figure 6A).  We successfully 398 

identified 802-bp nucleotide sequences for this transcript (Supplementary Figure 6B).  We 399 

then performed an in vitro transcription assay followed by an in vitro translation analysis to 400 

analyze whether it can encode any proteins.  We included full-length CABCOCO1 and 401 

GATA3 cDNA as positive controls.  This analysis revealed that the sense or anti-sense 402 

strand of XLOC_005968 did not produce any proteins, while CABCOCO1 and GATA3 403 

showed the expected sizes of translated protein (Figure 6B).  This result clearly indicated 404 

that XLOC_005968 is a lncRNA and validated our bioinformatics pipeline.  Importantly, 405 

XLOC_005968 has not been previously annotated in public databases.  Therefore, 406 

XLOC_005968 is a novel lncRNA.   407 

408 
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Discussion 409 

Recent advances in RNA research have demonstrated pivotal roles of lncRNAs in normal 410 

tissue development and various cancers.1-5  Several studies have implicated lncRNAs in T-411 

ALL pathogenesis.  Trimarchi and Aifantis et al. showed that the lncRNA LUNAR is induced 412 

by NOTCH1, which is another prevalent oncogene in T-ALL, and is required for T-ALL 413 

growth due to its ability to enhance IGF1R mRNA expression.44  More recently, Wallaert  414 

and Speleman et al. demonstrated that primary T-ALL cases can be classified into four 415 

subgroups based on the lncRNA expression profiles,34 similar to classification based on 416 

expression of protein-coding genes.  Additionally, here we identified lncRNAs regulated by 417 

TAL1 in T-ALL cells. 418 

For this purpose, we performed RNA-seq analysis with deep coverage.  Using this 419 

dataset, we first established a pipeline for the prediction of lncRNAs.  We used the Slncky 420 

model,41 which is less confounded by evolutional conservation than codon substitution 421 

models such as PhyloCSF47 implemented in previous studies.  However, this tool requires 422 

a cut-off for filtering out transcripts that overlap with protein-coding genes on the same 423 

strand (sense lncRNAs).  Hence, we additionally applied four stringent steps to predict sense 424 

lncRNAs.  For example, we identified a novel lncRNA (XLOC_005968) overlapping with the 425 

last 3 exons of CABCOCO1 gene as a sense lncRNA, which could not be found by the 426 

Slncky using various minimum overlap values.  Importantly, we have shown that 427 

XLOC_005968 does not have the potential to encode a protein, whereas full-length 428 

CABCOCO1 can produce a protein, proving that XLOC_005968 is indeed a novel lncRNA.  429 

Hence, our pipeline accurately predicted lncRNA and is more comprehensive than 430 

previously reported approaches.  Additionally, we confirmed that expression levels of 431 

lncRNAs are lower than for protein-coding genes.  Correlation analysis of the expression of 432 
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neighboring protein-coding genes showed high correlations in these pairs.  All these results 433 

support earlier findings reported for other cell types.7, 43, 44  Notably, among 2,236 putative 434 

lncRNA loci identified in our study, 59% and 47% have been already annotated in 435 

GENCODE version 25 and the LNCipedia version, respectively.  Additionally, 50% of 436 

lncRNAs were previously reported to be more highly expressed in TAL1-positive T-ALL 437 

subgroup than other subgroups.34  Although these numbers are relatively low, this could 438 

possibly be due to differences in the analytical platform (microarray vs RNA-seq), library 439 

preparation (e.g., depletion of ribosomal RNAs, inclusion of polyA- RNAs), sequencing 440 

depth, annotation or tissue specificity.   441 

Critically, we identified putative lncRNAs that are transcriptionally activated by TAL1 442 

in T-ALL cells.  Many were also positively regulated by GATA3, RUNX1 and MYB.  Thus, 443 

our study demonstrates that TAL1 and its regulatory partners coordinately regulate the 444 

expression of both protein-coding genes and lncRNAs.  In particular, we highlighted two 445 

novel lncRNAs, XLOC_030252 and XLOC_005968, in this study.  Both loci were highly 446 

activated in T-ALL cells under super-enhancers but were downregulated in normal DP stage 447 

thymocytes.  Interestingly, XLOC_030252 was also expressed in HSCs where TAL1 is 448 

physiologically expressed.  Our result suggests that these transcripts are normally 449 

repressed in developing thymocytes but could be aberrantly activated in T-cells upon ectopic 450 

expression of TAL1.  Because XLOC_030252 is also expressed in normal HSCs and 451 

progenitor cells, this putative lncRNA may also play a role in normal hematopoiesis.  Notably, 452 

both XLOC_030252 and XLOC_005968 were located near the TAL1-bound region, and the 453 

expression of XLOC_030252 and XLOC_005968 was significantly downregulated after 454 

TAL1 knockdown.  Hence, a possible explanation is that those lncRNAs might be transcribed 455 

as a result of enhancer activation.  Alternatively, those lncRNAs may act as enhancer RNAs 456 
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that control the expression of neighboring genes, as reported for LUNAR, which controls 457 

IGF1R expression.  In particular, XLOC_005968 is located near the ARID5B gene, which 458 

was recently reported by us as a critical downstream target of TAL1 in T-ALL.27  ARID5B 459 

positively regulates the expression of the TAL1 complex and the MYC oncogene in T-ALL 460 

cells.  ARID5B also promotes the growth and survival of T-ALL cells in vitro and in vivo.  This 461 

study implicated ARID5B as a pro-oncogenic factor in the context of TAL1-positive T-ALL.  462 

Hence, XLOC_005968 is possibly involved in the regulatory mechanism and in T-cell 463 

leukemogenesis.  Further investigation is necessary to elucidate their molecular functions. 464 

 In this study, we also focused on the regulation of lncRNAs by TAL1 and E-proteins 465 

(E2A and HEB).  E-protein is a critical heterodimerization partner of TAL1 but also functions 466 

as an E-protein dimer to regulate genes required for lymphocyte development.19, 20  A 467 

number of studies have shown that E-proteins serve as tumor suppressors in the context of 468 

T-ALL.21, 48  TAL1 counteracts E-protein functions in T-ALL cells.  Therefore, it is of great 469 

interest to identify lncRNAs that are differentially controlled by TAL1 and E-proteins.  We 470 

found that many putative lncRNAs are negatively regulated by TAL1 and positively regulated 471 

by E2A and HEB.  This included a putative lncRNA XLOC_001561 near the RORC locus.  472 

Both the XLOC_001561 and RORC genes were activated by E-proteins and repressed by 473 

TAL1 in T-ALL cells, whereas those transcripts are induced during thymocyte development.  474 

The RORC gene has been reported as an E2A target and has been implicated in normal 475 

thymus development.46, 49, 50  Although further investigations are necessary, our study 476 

suggests that XLOC_001561 is involved in T-cell differentiation and/or may contribute to 477 

tumorigenesis when repressed by TAL1 overexpression.   478 

479 
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Figure Legends 643 

Figure 1.  Identification of lncRNAs expressed in T-ALL cells.  (A) Schematic diagram 644 

of the analytical pipeline.  See Materials and Methods for details.  (B) RNA-seq gene tracks 645 

showing the expression and genomic loci of three representative lncRNAs expressed in T-646 

ALL cell lines: XLOC_040800/lnc-FAM160A1-6 (top), XLOC_012951/lnc-DUSP6-2 (middle) 647 

and XLOC_005308/lnc-TOMM20-2 (bottom).  The x-axis indicates the linear sequence of 648 

genomic DNA, and the y-axis indicates the number of mapped reads per million.  The black 649 

horizontal bar indicates the genomic scale in kilobases (kb).  Black boxes in the gene map 650 

represent exons, and arrows indicate the location and direction of the transcriptional start 651 

site.   (C) Violin plots showing expression levels of protein-coding genes and lncRNAs in T-652 

ALL.  The y-axis indicates the maximum FPKM values (log10) of protein-coding genes and 653 

lncRNAs among eight T-ALL cell lines.  Black boxes represent median and quartile 654 

expression levels.  (D) Pie chart showing the percentage of each class of lncRNA.  See 655 

Supplementary Figure 1A for details of classification.  (E) Density distributions showing 656 

pairwise Pearson correlations between loci.  Pairs were selected for lncRNAs or protein-657 

coding genes (mRNA) with their neighboring protein-coding genes.  As a control, 1,000 658 

mRNA-mRNA pairs were randomly selected.  The y-axis indicates density at each 659 

correlation value (x-axis).   660 

 661 

Figure 2. Regulation of lncRNAs by TAL1 and its regulatory partners in Jurkat cells.  662 

(A, B) Expression of TAL1 target lncRNAs after knockdown (KD) of transcription factor 663 

genes in Jurkat cells.  Jurkat cells were transduced with control shRNA (GFP or Luc) or 664 

shRNA targeting a transcription factor gene (TAL1, GATA3, RUNX1 or MYB) by lentivirus 665 

infection.  Two different shRNAs (#1 and #2) were used for each gene.  Heatmap images 666 
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represent expression levels of 57 selected lncRNAs in two controls and two knockdown 667 

samples.  (C) GSEA was performed to determine the correlation of lncRNAs positively 668 

regulated by TAL1 (n=57) and gene expression changes upon KD of GATA3, RUNX1 and 669 

MYB.  GSEA plot indicates the degree to which TAL1 target lncRNAs are overrepresented 670 

at the extreme left (downregulated by KD) or right (upregulated by KD) of the entire ranked 671 

list.  Each solid bar represents one lncRNA gene within the gene set.  Normalized 672 

enrichment scores (NES) and p-values are shown.  (D) Venn diagram represents the 673 

number of lncRNAs directly regulated by each transcription factor in Jurkat cells. 674 

 675 

Figure 3.  lncRNAs aberrantly activated by TAL1 in T-ALL cells.  (A) Schematic diagram 676 

of selection criteria. (B,C) ChIP-seq gene tracks showing binding locations of TAL1, its 677 

regulatory partners (GATA3, RUNX1 and MYB) and RNA polymerase 2 (RNAP2) at 678 

XLOC_030252 (B) and XLOC_005968 (C) loci in Jurkat cells. ChIP-seq data for H3K27ac 679 

in six T-ALL cell lines and normal thymus (bulk) and RNA-seq data in eight T-ALL cell lines 680 

and two primary samples (Patients 1 and 2) are also shown.  The y-axis indicates the total 681 

number of mapped ChIP-seq reads per million.  +, positive strand; -, negative strand, 682 

analyzed by strand-specific RNA-seq.  See Figure 1B legend for details of RNA-seq gene 683 

tracks.  Two scales were included for the positive strand in Figure 3C, because expression 684 

levels of XLOC_005968 and protein-coding genes were highly different. (D,E) RNA 685 

expressions of XLOC_030252 (D) and XLOC_005968 (E) in 27 primary T-ALL cases 686 

reported by Qian et al30.  T-ALL samples were classified into TAL (TAL1 or TAL2 positive), 687 

TLX (TLX1 or TLX3 positive) or others. Values are shown by the transcripts per kilobase 688 

million (TPM).  There was no statistical significance observed due to small size of the cohort. 689 

(F,G) RNA expression changes of XLOC_030252 (F) and XLOC_005968 (G) after 690 



Ngoc and Tan et al  lncRNA expression profile in T-ALL 
 

29 
 

knockdown of TAL1, GATA3, RUNX1 and MYB in Jurkat cells analyzed by RNA-seq. Values 691 

are shown in log2 fold-change (FC).  692 

 693 

Figure 4. Expression of XLOC_030252 in human and mouse hematopoietic cells.  (A, 694 

B) Expression of XLOC_030252 in different stages of human hematopoietic cells.  RNA-seq 695 

gene tracks showing RNA expression in human hematopoietic cells at XLOC_030252 locus 696 

(A).  Each cell type was defined by Casero et al.28 as follows: HSC, CD34+CD38neglinneg; 697 

lymphoid-primed multipotent progenitors (LMPP), 698 

CD34+CD38+CD10negCD45RA+CD62Lhighlinneg; common lymphoid progenitor (CLP), 699 

CD34+CD38+CD10+CD45RA+linneg; Thy1, CD34+CD7negCD1anegCD4negCD8neg; Thy2, 700 

CD34+CD7+CD1anegCD4negCD8neg; Thy3, CD34+CD7+CD1a+CD4negCD8neg; Thy4, 701 

CD4+CD8+; Thy5, CD3+CD4+CD8neg; and Thy6, CD3+CD4negCD8+.  Two scales were 702 

included because expression levels of XLOC_030252 and protein-coding genes were 703 

different.  Expression level of XLOC_030252 in duplicate samples reported by Casero et al. 704 

28 were shown by the TPM values (B).  (C) RNA-seq dataset reported by Sun et al.29 was 705 

used to analyze RNA expression in mouse HSCs harvested at different ages (4 and 24 706 

months) at the genomic locus conserved with human XLOC_030252 sequence.  (D) The 707 

RNA expression of putative paralog of XLOC_030252 in different stages of mouse 708 

hematopoietic cells were measured by qRT-PCR and normalized to β2M expression.  Long-709 

term HSC (LT-SHC), short-term HSC (ST-HSC), multi potent progenitor (MPP), common 710 

lymphoid progenitor (CLP), DN1-4, DP, CD4 single positive and CD8 single positive cells.  711 

Fold-change values compared with LT-HSC are shown as the mean ±standard deviation 712 

(SD) of duplicate samples.  See Supplementary Materials for the definition of each 713 

population.  (E) Mouse lymphoid progenitor cell line EML was transduced with control 714 
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shRNA (shLuc) or shRNA targeting mouse Tal1 (sh1 and sh2) by lentivirus infection.  RNA 715 

expression of putative paralog of human XLOC_030252 was measured by qRT-PCR and 716 

normalized to β2M expression.  Fold-change values compared with the control are shown 717 

as the mean ± SD of duplicate samples. **p<0.01 by two-sample, two-tailed t-test.  718 

 719 

Figure 5.  lncRNAs differentially controlled by TAL1 and E-proteins in T-ALL cells.  (A) 720 

Jurkat cells were transduced with control shRNA (shGFP or shLuc) or shRNA targeting a 721 

transcription factor gene (TAL1, E2A or HEB) by lentivirus infection.  Two different shRNAs 722 

(#1 and #2) were used for each gene.  Heatmap images represent expression levels of 199 723 

selected putative lncRNAs in two controls and two knockdown (KD) samples.  (B) GSEA 724 

was performed to determine the correlation of lncRNAs negatively regulated by TAL1 725 

(n=199) and gene expression changes on KD of E2A and HEB.  See Figure 2C legend for 726 

details.  (C) RNA-seq gene track showing expression and genomic loci of XLOC_001561/ 727 

lnc-OAZ3-2:7 and RORC gene in T-ALL cell lines and normal hematopoietic cells.  See 728 

Figure 1B legend for details.  (D) RNA expression changes of XLOC_001561/lnc-OAZ3-2:7 729 

after knockdown of TAL1, E2A and HEB in Jurkat cells.  (E) RNA expression levels of 730 

XLOC_001561/lnc-OAZ3-2:7 in different stages of normal hematopoietic cells.  See Figure 731 

4A legend for details.  732 

 733 

Figure 6.  XLOC_005968 is a novel lncRNA expressed in T-ALL cells. (A) The 5’ and 3’ 734 

RACE primers were designed to target exons 3 and 1 of the XLOC_005968 transcript, 735 

respectively. (B) In vitro transcription and translation assay was performed using expression 736 

vectors encoding sense or anti-sense strands of XLOC_005968.  The cDNA for full-length 737 
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CABCOCO1 and GATA3 were used as positive controls.  Proteins were visualized by 738 

Western blot analysis using Strepavidin-HRP.       739 



Figure 1

A B

chr1 10 kb hg19

235,090,000 235,100,000 235,110,000

XLOC_005308/lnc-TOMM20-2

Jurkat
1 -

MOLT-4

1 -
RPMI-8402

1 -
CCRF-CEM

1 -

DND-41
1 -

HPB-ALL
1 -

TALL-1
1 -

Loucy
1 -

RNA-seq reads of 8 T-ALL 
cell lines 

Mapping to human genome and 
assembling into transcripts

Removing single exon 
transcripts and transcripts with a 

length � 200nt

Running Slncky pipeline 
(Chen et al. 2016) 

Transcripts 
overlapping with 

protein coding genes

Removing transcripts completely 
matched with protein coding 

genes

Removing transcripts with 
ORF length > 300

Removing transcripts with 
significant hit in PFAM 

(E-value=1e-4)

Removing transcripts with 
a PhyloCSF score � 0

47,776 transcripts

95,886 transcripts

56,980 transcripts

26,281 transcripts

4,328 transcripts

1,975 transcripts

1,031 transcripts

6,507 transcripts

Putative 
lncRNAs 1

Putative 
lncRNAs 2

Jurkat
RPMI-8402
CCRF-CEM
MOLT-4
DND-41
HPB-ALL
TALL-1
Loucy

chr4 2 kb hg19

153,022,000 153,023,000 153,024,000 153,025,000 153,026,000

XLOC_040800/lnc-FAM160A1-6

1.5 -

1.5 -

1.5 -

1.5 -

1.5 -

1.5 -

1.5 -

1.5 -

Jurkat

MOLT-4

RPMI-8402
CCRF-CEM

DND-41
HPB-ALL
TALL-1
Loucy

chr12 20 kb hg19

89,405,000 89,415,000 89,425,000 89,435,000 89,445,0001 -
1 -
1 -
1 -

1.5 -
1 -
1 -
1 -

XLOC_012951/lnc-DUSP6-2

Putative 
lncRNAs in 

T-ALL (FPKM 
cut-off 0.5)

4,857 transcripts
(1,382 novels)

2,236 loci

Cell lines

C D

Pearson correlation

D
en

si
ty

0.00

0.25

0.50

0.75

í0.5 0.0 0.5 1.0

mRNA:mRNA pairs
lncRNA:mRNA pairs
Random mRNA:mRNA pairs

Antisense lncRNAs 
      (17.77%)

Divergent lncRNAs 
               (10.62%)

Intergenic 
lncRNAs 
(52.56%)

Sense lncRNAs 
    (12.11%)

Intronic lncRNAs 
      (6.94%)

E

�

�

0

1

2

3

4

Protein coding lncRNAs

lo
g1

0 
 M

ax
im

um
 F

PK
M



A

G
FP Lu
c

TA
L1

 #
1

TA
L1

 #
2

shRNA
Targets G

FP Lu
c

G
AT

A3
 #

1

G
AT

A3
 #

2

G
FP Lu
c

R
U

N
X1

 #
1

R
U

N
X1

 #
2

G
FP Lu
c

M
YB

 #
1

M
YB

 #
2

TA
L1

 ta
rg

et
 ln

cR
N

As
 d

ow
nr

eg
ul

at
ed

 b
y 

   
   

   
   

   
 T

AL
1 

KD
 (n

=5
7)

0.0

0.1
0.2
0.3
0.4

0.5

B

C

XLOC_030252
XLOC_038104
XLOC_016686
XLOC_005906
XLOC_005968
XLOC_056488
XLOC_045612
XLOC_016888
XLOC_052466
XLOC_004739
XLOC_044874
XLOC_010584
XLOC_050401
XLOC_003349
XLOC_030170
XLOC_033046
XLOC_007523
XLOC_014408
XLOC_013260
XLOC_048611
XLOC_029591
XLOC_027780
XLOC_041576
XLOC_020119
XLOC_005047
XLOC_046824
XLOC_039068
XLOC_000010
XLOC_033194
XLOC_045382
XLOC_036124
XLOC_013262
XLOC_037133
XLOC_056330
XLOC_057087
XLOC_041962
XLOC_056913
XLOC_053435
XLOC_014836
XLOC_003854
XLOC_026964
XLOC_020255
XLOC_033115
XLOC_031142
XLOC_039663
XLOC_039581
XLOC_048553
XLOC_004851
XLOC_051126
XLOC_004017
XLOC_005235
XLOC_050678
XLOC_056625
XLOC_024788
XLOC_032034
XLOC_021950
XLOC_031692

High

Low

TAL1 target lncRNAs
downregulated by TAL1 KD

Downregulated
by RUNX1 KD

 Upregulated
by RUNX1 KD

Downregulated
by MYB KD

Upregulated
by MYB KD

Downregulated
by GATA3 KD

 Upregulated
by GATA3 KD

NES   1.51
p-value < 0.001 

NES   1.80
p-value < 0.001 

NES   1.75
p-value < 0.001 

Figure 2

 E
nr

ic
hm

en
t S

co
re

shRNA
Targets

TA
L1

 ta
rg

et
 ln

cR
N

As
 d

ow
nr

eg
ul

at
ed

 b
y 

   
   

   
   

   
 T

AL
1 

KD
 (n

=5
7)

D
GATA3

TA
L1

RUNX1

MYB

8

12 111

58

3 23 48

5 18

5 12 4

15 4

5

TAL1 target lncRNAs
downregulated by TAL1 KD

TAL1 target lncRNAs
downregulated by TAL1 KD

0.0

0.1
0.2
0.3
0.4

0.5

0.0
0.1
0.2
0.3
0.4

0.5
0.6



A

B C

Figure 3

G

í2.0

í1.5

í1.0

í0.5

0.0

lo
g2

FC

TAL1 GATA3 RUNX1 MYB
Knockdown

XLOC_005968F

í2.0

í1.5

í1.0

í0.5

0.0

TAL1 GATA3 RUNX1 MYB

lo
g2

FC

XLOC_030252

Knockdown

Significantly downregulated by TAL1 knockdown and 
directly bound by TAL1 in Jurkat cells 

Associated with super-enhancers in Jurkat cells but not in normal thymus

Significantly downregulated by GATA3, RUNX1 and MYB knockdown and 
directly bound by these 3 factors in Jurkat cells 

chr10: 200 kb hg19
63,500,000 63,600,000 63,700,000 63,800,00016 -

19 -
39 -

7 -
4 -
9 -
5 -
8 -

6 -

11 -

10 -

21 -

7 -

6 -
1 -
4 -
1 -
1 -
4 -
1 -

5.5 -
2 -
1 -

0.1 -
2 -
1 -

0.1 -
2 -
1 -

0.3 -
2 -
1 -

0.1 -
2 -
1 -

0.1 -
2 -
1 -

0.1 -
2 -
1 -

0.1 -
2.6 -

1 -

TAL1
GATA3
RUNX1
MYB
RNAP2
H3K4me3
H3K4me1
Jurkat
RPMI-8402
CCRF-CEM
MOLT-4
DND-41
Loucy
Thymus

Jurkat

RPMI-8402

CCRF-CEM

MOLT-4

DND-41

HPB-ALL

TALL-1

Loucy

ChIP-seq 
in Jurkat

H3K27ac
ChIP-seq

RNA-seq

+
+
-
+
+
-
+
+
-
+
+
-
+
+
-
+
+
-
+
+

+
+

-

-

+
+
-
+
+
-

Patient 1

Patient 2

XLOC_005968

CABCOCO1 ARID5B

chr2: 200 kb hg19
16,200,000 16,400,000 16,600,000 16,800,00011 -

12 -
45 -
7 -
5 -
7 -
5 -
7 -

6 -

10 -

10 -

8 -

7 -

5 -
2.5 -

6 -
2 -

0.3 -
0.2 -
0.7 -

8 -
8 -

0.7 -
0.3 -
0.2 -
0.3 -
0.2 -
0.2 -
0.2 -
0.2 -
0.2 -
0.2 -

8 -
4 -

TAL1
GATA3
RUNX1
MYB
RNAP2
H3K4me3

Jurkat
RPMI-8402
CCRF-CEM
MOLT-4
DND-41
Loucy
Thymus

Jurkat

RPMI-8402

CCRF-CEM

MOLT-4

DND-41

HPB-ALL

TALL-1

Loucy

H3K4me1

ChIP-seq 
in Jurkat

H3K27ac
ChIP-seq

RNA-seq

+
-
+
-
+
-
+
-
+
-
+
-
+
-
+
-

Patient 1

Patient 2

+
-
+
-

MYCN GACAT3 FAM49A

XLOC_030252

ED

TAL TLX Others

XLOC_005968XLOC_030252

TAL TLX Others

0
1
2
3
4
5
6
7
8
9

Pt 2
Pt 1
Pt 9
Pt 6
Pt 5
Pt 21
Pt 16
Pt 20
Pt 19
Pt 11
Pt 27
Pt 23
Pt 25
Pt 22
Pt 10
Pt 8
Pt 24
Pt 18
Pt 3
Pt 14
Pt 4
Pt 13
Pt 15
Pt 26
Pt 12
Pt 7
Pt 17

TP
M

0

5

10

15

20

25

30
Pt 6
Pt 1
Pt 20
Pt 11
Pt 16
Pt 27
Pt 23
Pt 25
Pt 9
Pt 22
Pt 19
Pt 21
Pt 2
Pt 10
Pt 5
Pt 8
Pt 24
Pt 18
Pt 3
Pt 12
Pt 14
Pt 7
Pt 13
Pt 4
Pt 15
Pt 26
Pt 17

TP
M

Independently validated by qRT-PCR using T-ALL cell lines

Not annotated in any database (novel transcripts)

57 putative lncRNAs

12 putative lncRNAs

5 putative lncRNAs

4 putative lncRNAs

2 putative lncRNAs



C

Figure 4

B

D

Tal1 Putative paralog of 
human XLOC_030252

**
** **

**

0

0.2

0.4

0.6

0.8

1

1.2

G
en

e 
E

xp
re

ss
io

n 
R

el
at

iv
e 

to
 sh

LU
C

(N
or

m
al

iz
ed

 to
 

2M
)

shLUC sh1 sh2

Conservation 
with Human

HSC (4m)

HSC (24m)

A

XLOC_030252

TP
M

 

XLOC_030252chr2: 200 kb hg19

16,200,000 16,400,000 16,600,000 16,800,000

MYCN GACAT3 FAM49A

1.5 -

5 -

1.5 -

5 -

1.5 -

5 -

1.5 -

5 -

1.5 -

5 -

1.5 -

5 -

1.5 -

5 -

1.5 -

5 -

1.5 -

5 -

CLP

Thy1

Thy2

Thy3

Thy4

Thy5

Thy6

Normal human
hematopoietic 

cells

LMPP

HSC

0

0.2

0.4

0.6

0.8

1

1.2

1.4

G
en

e 
Ex

pr
es

si
on

 R
el

at
iv

e 
to

 L
T-

HS
C

(N
or

m
al

iz
ed

 to
 

2M
)

LT
-H

SC

ST
-H

SC

M
PP

C
LP

D
N

1

D
N

2

D
N

3

D
N

4

D
P

C
D

4

C
D

8

E

chr12: 200 kb mm10

12,400,000 12,500,000 12,600,000 12,700,000 12,800,000 12,900,000
231 -

417 -

15 -

15 -

Mycn

Genomic locus conserved 
with human XLOC_030252

Fam49a

Normal mouse
hematopoietic 

cells

Putative paralog of 
human XLOC_030252

0

10

20

30

40

50

60

HSC LMPP CLP Thy1 Thy2 Thy3 Thy4 Thy5 Thy6



A B

C D

Figure 5

 ln
cR

NA
s 

up
re

gu
la

te
d 

by
 T

AL
1 

KD
 (n

=1
99

)

G
FP Lu
c

TA
L1

 #
1

TA
L1

 #
2

shRNA
Targets

í1

1

E2
A 

#1
E2

A 
#2

HE
B 

#1
HE

B 
#2

 D
ow

nr
eg

ul
at

ed
 b

y 
E2

A/
HE

B 
KD

 (n
=8

1)
   

 U
pr

eg
ul

at
ed

 b
y 

E2
A/

HE
B 

KD
 (n

=4
9)

   
No

 d
iff

er
en

ce
 b

y 
E2

A/
HE

B 
KD

 (n
=6

9)

0.0

0.1

0.2

0.3

0.4

Downregulated
by E2A KD

 Upregulated
by E2A KD

Downregulated
by HEB KD

 Upregulated
by HEB KD

0.00

0.10

0.20

-0.10

-0.15

NES   1.10
p-value < 0.001 

NES   1.57
p-value < 0.001 

í2

í1

0

1

E2A HEB TAL1

lo
g2

FC

XLOC_001561/lnc-OAZ3-2:7 

XLOC_001561/lnc-OAZ3-2:7 
E

 E
nr

ich
m

en
t S

co
re

 E
nr

ich
m

en
t S

co
re

lncRNAs upregulated by TAL1 KD

lncRNAs upregulated by TAL1 KD

RORC

C2CD4D

LOC100132111 THEM5

chr1: 20 kb hg19
151,790,000 151,805,000 151,820,0001.5 -

5 -
1.5 -

5 -
1.5 -

5 -
1.5 -

5 -
1.5 -

5 -
1.5 -

5 -
1.5 -

5 -
1.5 -

5 -
1.5 -

5 -
1.5 -

5 -
1.5 -

5 -
1.5 -

5 -
1 -
5 -
1 -
5 -

1.5 -
5 -

XLOC_001561/lnc-OAZ3-2:7 

+
-
+
-
+
-
+
-
+
-
+
-
+
-
+
-

Jurkat

RPMI-8402

CCRF-CEM

MOLT-4

DND-41

HPB-ALL

TALL-1

Loucy

CLP

Thy1

Thy2

Thy3

Thy4

Thy5

Thy6

T-ALL
cell lines

Normal 
hematopoietic 
cells

Knockdown

TP
M

 

0
1
2
3
4
5
6
7
8

Thy1 Thy2 Thy3 Thy4 Thy5 Thy6



A

Figure 6

CABCOCO1
(expected size ~25kDa)

GATA3
(expected size ~48kDa)

B
M

ar
ke

r

XL
O

C
_0

05
96

8 
(S

en
se

)

XL
O

C
_0

05
96

8 
(a

nt
i-s

en
se

)
C

AB
C

O
C

O
1

G
AT

A3

Exon1 Exon2 Exon3

3’ RACE Primer 5’ RACE Primer

XLOC_005968

50

37

75
100

150
250

25

Molecular 
weights (kDa)



Ngoc and Tan et al  lncRNA expression profile in T-ALL 
 

1 
 

Supplementary Information 1 

Supplementary Materials and Methods  2 

Gene knockdown and RNA extraction  3 

Lentiviruses encoding short-hairpin RNAs (shRNAs) targeting each transcription factor were 4 

produced by co-transfecting individual shRNA constructs with the packaging plasmids 5 

pMDLg/pRRE and pRSV-Rev and the envelope plasmid pMD2.G into 293T cells by using 6 

FuGENE 6 transfection reagent (Roche).  Supernatants containing lentivirus particles were 7 

collected and filtered through a 0.45 μm filter (Thermo).  T-ALL cells were infected with 8 

lentivirus in the presence of polybrene (8 μg/ml; Millipore) by centrifugation at 1,300 rcf for 9 

1.5 hr.  The infected cells were selected with 0.7 μg/ml of puromycin (Sigma) in RPMI-1640 10 

medium for at least 36 hr after infection.  The mouse lympho-hematopoietic progenitor cell 11 

line EML was infected as described above and the infected cells that are GFP positive were 12 

then sorted out using flow cytometry 72 hours after infection.  RNA was extracted using a 13 

miRNeasy kit (Qiagen) followed by DNase treatment (Turbo DNA-freeTM kit, Ambion).  For 14 

each sample, 10 million cells were collected and pelleted for RNA extraction.  Sequences of 15 

shRNAs used for knockdown experiments are shown below:  16 

Target Genes shRNA IDs shRNA sequences 

GFP shGFP ACAACAGCCACAACGTCTATA 

LUC shLUC CTTCGAAATGTCCGTTCGGTT 

TAL1 shTAL1  GCTCAGCAAGAATGAGATCCT 

GATA3 shGATA3 CATCCAGACCAGAAACCGAAA 

RUNX1 shRUNX1 CGGCAGAAACTAGATGATCAG 

MYB shMYB CCAGATTGTAAATGCTCATTT 
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TCF3/E2A shE2A GCAGCCTCTCTTCATCCACAT  

TCF/12HEB shHEB GCAATCATTCAGTCCTGTCTA 

Tal1 (mouse) shTal1-1 ACTGACCCTAGGCTGGCATTT 

 shTal1-2 TCCGCCTTGCCATGAAGTACA 

 17 

RNA-seq analysis 18 

Strand-specific library construction and sequencing of paired-end, 100-bp-long reads by the 19 

Illumina HiSeq4000 platform were performed at BGI Biotech Solutions Co Ltd (Hong Kong).  20 

See Supplementary Table 1 for the number of sequencing reads and quality scores for each 21 

cell sample.  All RNA-seq data have been deposited in the GEO database (GSE97514).   22 

 23 

Bioinformatic analysis and code availability 24 

Identification of lncRNAs-  The first dataset containing eight T-ALL cell lines (Jurkat, 25 

RPMI-8402, CCRF-CEM, MOLT-4, HPB-ALL, DND-41, TALL-1 and LOUCY) without the 26 

knockdown conditions were used to establish a bioinformatics pipeline.  All RNA-seq 27 

datasets were aligned to the hg19 human genome using STAR 2.5.2a with the parameter 28 

outFilterMultimapNmax set to 1 and Ensembl database for annotated splice junctions.1  29 

Alignment files from STAR were used for ab initio transcriptome assembly with Cufflinks 30 

v2.2.1.2  A RefSeq GTF file was applied for Cufflinks to guide the assembly.  We then 31 

combined transcriptome assemblies from each cell line into one annotation using Cuffmerge 32 

from Cufflinks v2.2.1.  After we removed single exon transcripts and any transcripts with a 33 

length less than or equal 200 nucleotides, we applied the Slncky pipeline3 with --no_collapse 34 

to obtain lncRNAs that show no overlap with protein-coding genes on the same strand.  35 

From transcripts overlapping with protein-coding genes which were rejected by the Slncky 36 
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pipeline, we predicted lncRNAs overlapping protein-coding genes by four steps: (1) we 37 

removed transcripts that completely matched protein coding genes; (2) we removed 38 

transcripts with significant hits in PFAM4 using the script pfam_scan.pl with hidden Markov 39 

models (HMMs) in Pfam-A and an evalue cut-off 1e-4; (3) we used PhyloCSF5 with –orf 40 

ATGStop to identify putative Open Reading Frames (ORFs) with a minimum ORF length of 41 

50 amino acids and removed any transcript with a PhyloCSF score greater than 0; and (4) 42 

we removed any transcript with an ORF length greater than 300 nucleotides. The transcripts 43 

passing these steps were considered to have no potential to encode functional proteins and 44 

were classified as sense lncRNAs.  We selected putative lncRNAs that were expressed with 45 

an FPKM cut-off more than 0.5 in at least one T-ALL cell line. lncRNAs were annotated 46 

based on GenCode version 256 and LNCipedia version 4.0.7, 8.   47 

Differential expression analysis - To analyze lncRNAs regulated after gene knockdown, 48 

RNA-seq datasets of two control samples and two knockdown samples for each member of 49 

the TAL1 complex were aligned to the hg19 human genome using STAR 2.5.2a with the 50 

parameter outFilterMultimapNmax set to 1.  We used the tool htseq-count v0.6.1 with the 51 

intersection-strict mode for the mapped reads in.bam files to generate count tables based 52 

on the Ensembl gene annotation of hg19.  From these tables, the Bioconductor package 53 

DESeq2 v1.12.4 was used to analyze differential gene expression. 54 

Quantification of transcript abundance in primary samples -  We retrieved the dataset 55 

from EMBL-EBI (Accession_ID: EGAD00001002151) and analyzed by Kallisto software9 56 

using Ensembl annotation and lncRNA sequence as an index file.  Transcript per million 57 

(TPM) value of each lncRNA in each primary sample was calculated and normalized using 58 

Sleuth software.10  59 
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Comparative analysis of genomic sequences - Genomic sequence for the selected 60 

lncRNA retrieved from human (hg19) genome was aligned to mouse (mm10) genome using 61 

the UCSC BLAT tool. Conserved human lncRNAs in mouse detected and gene track 62 

generated for further analysis. 63 

Selection of lncRNAs directly targeted by TAL1 - We first selected genes that are bound 64 

by TAL1 within 12kb of the lncRNA loci based on our ChIP-seq data.  The same cut-off 65 

(12kb) was used in our previous studies to identify protein-coding genes11 and microRNAs12 66 

targeted by TAL1.  We then filtered genes were significantly downregulated after knockdown 67 

of TAL1 (adjusted p-value < 0.05, log2-fold change < -0.2).  68 

 69 

Primers for qRT-PCR analysis 70 

Target Genes Direction PCR primer sequences (5’ to 3’) 

TAL1 Forward TTCCCTATGTTCACCACCAA 

 Reverse AAGATACGCCGCACAACTTT 

TCF3/E2A Forward TCATCCTGAACTTGGAGCAG 

 Reverse CAACCACACCTGACACCTTT 

GATA3 Forward TTCAGTTGGCCTAAGGTGGT 

 Reverse CGCCGGACTCTTAGAAGCTA 

RUNX1 Forward CTGGTGTCTTCAGCCAGATG 

 Reverse CGACTGTGTACCGTGGACTG 

GAPDH Forward CTCCTCTGACTTCAACAGCGACAC 

 Reverse TGCTGTAGCCAAATTCGTTGTCAT 

TCF12/HEB Forward TCTCCAGTTTCCATTGTTGG 
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 Reverse TTCTTGCTGCTGGTTGAAAA 

MYB Forward TGTTGCATGGATCCTGTGTT 

 Reverse AGTTCAGTGCTGGCCATCTT 

XLOC_005968 Forward GAAAGCATAAAATGGCTTGGA 

 Reverse TGTAAAACAAGCCAATGCTATCA 

XLOC_030252 Forward GCCTCTTACTAGGTTGTCAAAATC 

 Reverse GAGTTATTCCTCACTCAGCTCACTC 

XLOC_001561 Forward AAGTTACTTTAGCTGTGTGCATCTC 

 Reverse ATATGATATTATGGGCCTATGTGTG 

XLOC_024788 Forward CAAGAGAAAGTCCGCAGCAG 

 Reverse CACATGGTGTCTGAACTGCC 

XLOC_045612 Forward TGTCATGGGGAGCTCTTCTG 

 Reverse CATCAACAGCTGGCCAAACA 

XLOC_056913 Forward TGCTAACAGAGATGGGTGCA 

 Reverse CAGAGCTGAGAGTACCCCAG 

Mouse Tal1 Forward CTCACTAGGCAGTGGGTTCTT 

 Reverse GGACCATCAGAAATCTCCATCT 

Mouse B2M Forward ACGTAGCAGTTCAGTATGTTCG 

 Reverse GGTCTTTCTGGTGCTTGTCT 

Mouse Cabcoco1 Forward CTTCCTCTAAAGAAAACGTGTCAG 

 Reverse TATCTGGGAGACAGAATCCTTTCATT 

Mouse XLOC 030252 Forward CTTTTATTCAGAGTTTCCACATCGT 

 Reverse ACTGTCTTGGTGAGACTCTATTGCT 

 71 
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Primers for RACE 72 

The gene specific primers used for 5’ and 3’ RACE were designed following the 73 

manufacturer’s instructions: for 5’ RACE, 5’-GAT TAC GCC AAG CTT TGT TCC AGT AAC 74 

GTG GCA GTC CGT TTG GG-3’; for 3’ RACE, 5’- GAT TAC GCC AAG CTT TGT CAA GTC 75 

TGC ATG TGG CCC TTT CCC A-3’.   76 

 77 

Primers for cDNA cloning 78 

Primer sequences for cloning of sense XLOC_005968: Forward, 5’- GCT CAC CAA AGG 79 

CTC TGT CAT AAT T-3’; Reverse 5’-TGT TCC AGT AAC GTG GCA GTC-3’.  Primer 80 

sequences for cloning of antisense XLOC_005968: Forward, 5’-TGT TCC AGT AAC GTG 81 

GCA G-3’; Reverse, 5’-GCT CAC CAA AGG CTC TGT C-3’.  Primer sequences for cloning 82 

of the full-length CABCOCO1: Forward, 5’-ATG GAT TTC TCT ATT ATT CAG TAT TCA A-83 

3’; Reverse, 5’-TTA GGC CTT TTT CAA TTT TTC TAT TCG-3’. 84 

 85 

Isolation of mouse hematopoietic cells 86 

Mouse studies strictly adhered to the recommendations of the Institutional Animal Care and 87 

Use Committee, and all protocols were approved by the Committee at the National 88 

University of Singapore.  C57BL/6 mice were maintained, and bone marrow (BM) cells from 89 

8-10 weeks-old inbred male mice were flushed from the long bones.  Flow cytometry sorting 90 

was performed for isolating mouse hematopoietic cells using FACSAria (BD Biosciences) 91 

and a standard method. Briefly, after non-specific binding was blocked using mouse serum, 92 

antibody staining was performed on ice for 30 minutes. After washing, cells were suspended 93 

in phosphate-buffered saline (PBS) with Hoechst 33258 for dead cell discrimination.  On the 94 

flow-cytometry screen, populations that were homogeneous in cell size [forward scatter–95 
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side scatter (FSC-SSC) window] and viable cells were gated.  Positive selection for the 96 

markers c-Kit and Sca-1 and negative selection for markers of mature hematopoietic cell 97 

lineages (CD3, CD4, CD8, B220, Gr-1, Mac-1, Ter-119 and IL-7Rα) were used to identify c-98 

Kit+Sca-1+Lineage- (KSL) cells.  Antibodies against CD34 and Flt3 were used to further 99 

fractionate the KSL population into long-term hematopoietic stem cell (LT-HSC), short-term 100 

hematopoietic stem cell (ST-HSC) and multipotent progenitor (MPP) compartments.  Long-101 

term hematopoietic stem cells (LT-HSCs) were identified as c-Kit+Sca-1+Lineage(CD3, CD4, 102 

CD8, B220, Gr-1, Mac-1, Ter-119 and IL-7Rα)-CD34-Flt3-, short-term hematopoietic stem 103 

cells (ST-HSCs) were identified as c-Kit+Sca-1+Lineage-CD34+Flt3-, multipotent progenitors 104 

(MPPs) were identified as c-Kit+Sca-1+Lineage-CD34+Flt3+ and common lymphoid 105 

progenitors (CLPs) were identified as  c-KitlowSca-1low IL-7Rα +. T-cell precursors were 106 

isolated from mouse thymus and identified as follows: double-negative 1 (DN1), CD4-CD8-107 

CD44+CD25-, double-negative 2 (DN2), CD4-CD8-CD44+CD25+; DN3, CD4-CD8-CD44-108 

CD25+; DN4, CD4-CD8-CD44-CD25-; double-positive (DP), CD4+CD8+; and single-positive 109 

(SP), CD4+CD8- or CD4-CD8+.  All monoclonal antibodies were purchased from BD 110 

Pharmingen or eBioscience. 111 

 112 

  113 
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Supplementary Tables 114 

Supplementary Table 1: RNA expressions of transcription factor genes in 8 T-ALL cell 115 

lines 116 

Supplementary Table 2. The number of sequencing reads and quality scores for each 117 

RNA-seq sample 118 

Supplementary Table 3: Sample information for primary T-ALL cases 119 

Supplementary Table 4. List of lncRNAs expressed in T-ALL cell lines 120 

Supplementary Table 5. List of lncRNAs directly activated by TAL1 in T-ALL cells 121 

Supplementary Table 6. List of lncRNAs negatively regulated by TAL1 in T-ALL cells  122 
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Supplementary Figure Legends 123 

Supplementary Figure 1.  (A) Schematic representation of the classification of lncRNAs. 124 

Intergenic lncRNA is located between two protein coding genes.  Divergent lncRNA is 125 

located within 1,000bp of promoter in the opposite direction from protein coding gene. 126 

Intronic lncRNA is located in an intron of protein coding gene.  Antisense lncRNA is located 127 

in the antisense strand of protein coding gene and overlapped with one or several introns 128 

and exons of the sense strand.  Sense lncRNA is overlapped with one or several introns 129 

and exons of protein coding gene on the same strand. (B) Density distributions showing 130 

pairwise Pearson correlations between loci for lncRNAs 1 and lncRNAs 2.  See Figure 1E 131 

legend for details.   132 

 133 

Supplementary Figure 2.  Regulation of protein-coding genes by TAL1 and its 134 

regulatory partners in Jurkat cells.  (A) The shRNAs targeting each transcription factor 135 

or control (shGFP) were transduced by lentiviral infection into Jurkat cells.  RNAs were 136 

harvested at day 3 after infection.  The expression levels of each factor were analyzed by 137 

qRT-PCR using specific primers and normalized to GAPDH expression.   Fold change 138 

values compared with the control are shown as the mean ±standard deviation (SD) of 139 

triplicate samples. *p<0.05, **p<0.01 by two-sample, two-tailed t-test.  (B, C) Expression of 140 

TAL1 target genes after knockdown of TAL1 (B) or its regulatory partners (GATA3, RUNX1, 141 

MYB; C) in Jurkat cells.  A total of 480 protein-coding genes that were directly bound by 142 

TAL1 and were also significantly downregulated by TAL1 knockdown were selected.  143 

Heatmap images represent the expression levels of 480 genes in two controls and two 144 

knockdown samples.  See the Figure 2A and B legends for details.  (D) GSEA was 145 

performed to determine the correlation of genes positively regulated by TAL1 (n=480) and 146 
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gene expression changes upon knockdown (KD) of GATA3, RUNX1 and MYB.  See the 147 

Figure 2C legends for details.   148 

 149 

Supplementary Figure 3.  lncRNAs differentially expressed between T-ALL cell lines 150 

and normal human thymocytes.  (A-B) ChIP-seq and RNA-seq gene tracks showing the 151 

binding of transcription factors, H3K27ac signals and RNA expressions at XLOC_045612 152 

(A) and XLOC_056913 (B) loci in T-ALL cells.  See Figure 3B legend for details.  (C) 153 

Validation of a PCR primer set targeting exon 3 of CABCOCO1.  qRT-PCR analysis was 154 

performed using an expression plasmid encoding the full-length of CABCOCO1 (pCS2-155 

CABCOCO1). Standard curve is shown.  (D) Expression of predicted lncRNAs in eight T-156 

ALL cell lines were measured by qRT-PCR analysis.  The expressions were normalized to 157 

GAPDH expression. Fold change values compared with Jurkat cells were shown as the 158 

mean ±SD of triplicates samples.  ND, not detected.  (E) Validation of RNA expressions of 159 

putative lncRNAs after TAL1 knockdown in Jurkat cells.  Jurkat cells were transduced with 160 

a control shRNA (shGFP) or TAL1 shRNA by lentiviral infection.  Total RNA was harvested 161 

at day 3 after infection.  The expressions of each lncRNA were measured by qRT-PCR and 162 

normalized to GAPDH expression. Fold change values compared with the control are shown 163 

as the mean ±SD of triplicates samples. (F) RNA expressions of transcription factor genes 164 

(TAL1, TAL2, TLX3, HOXA9, LMO1, LMO2, LYL1, NKX2-1 and MEF2C) in 27 primary T-165 

ALL samples analyzed by RNA-seq.  Values are shown by the transcripts per kilobase 166 

million (TPM).  Note that TLX3 was not expressed in any of T-ALL samples in this cohort.  167 

 168 

Supplementary Figure 4.  Expression of lncRNAs in mouse hematopoietic cells.  (A) 169 

The RNA expression of mouse Tal1 in different stage of mouse hematopoietic cells were 170 
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measured by qRT-PCR and normalized to β2M expression.  See Figure 4D legend for 171 

details and Supplementary Materials for the definition of each population. (B) RNA 172 

expression around the genomic locus conserved with human XLOC_005968 sequence in 173 

mouse HSCs.  See Figure 4C legend for details.  (C) The RNA expression of mouse 174 

Cabcoco1 in different stage of mouse hematopoietic cells were measured by qRT-PCR and 175 

normalized to β2M expression.  See Figure 4D legend for details.   176 

 177 

Supplementary Figure 5.   Genes differentially controlled by TAL1 and E-proteins in 178 

T-ALL cells.  (A-D) RNA expression levels of RAG1 (A), RAG2 (B), PTCRA (C) and RORC 179 

(D) genes after knockdown of TAL1, E2A and HEB in Jurkat cells were measured by RNA-180 

seq. The values are shown in log2 fold-change (FC).  (E) RNA expressions of 181 

XLOC_001561/ lnc-OAZ3-2:7 in eight T-ALL cell lines were measured by qRT-PCR analysis.  182 

Fold change values compared with Jurkat cells are shown as the mean ±SD of triplicates 183 

samples.  (F) RNA expression of XLOC_001561 in Jurkat cells after knockdown of TAL1, 184 

E2A or HEB.  See Supplementary Figure 2A legend for details.  (G) ChIP-seq gene tracks 185 

showing the binding locations of TAL1, its regulatory partners (GATA3, RUNX1 and MYB) 186 

and RNA polymerase 2 (RNAP2) and various histone marks (H3K4me3, H3K4me1 and 187 

H3K27ac) at XLOC_001561/lnc-OAZ3-2:7 locus in Jurkat cells.  See Figure 3B legend for 188 

details.  (H) RNA expression levels of RORC in different stages of normal hematopoietic 189 

cells.  See Figure 4A legend for details. 190 

 191 

Supplementary Figure 6.  XLOC_005968 is a novel lncRNA expressed in T-ALL cells. 192 

(A) The 5’ and 3’ RACE were performed and the products were analyzed by DNA 193 

electrophoresis.  (B) The full-length DNA sequence of XLOC_005968.    194 
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GCTCACCAAAGGCTCTGTCATAATTCAACTTTTTTCTTCCCATCAGCAAGTGATAG
AGGTTGTCAAGTCTGCATGTGGCCCTTTCCCAAATCCTCTGGAAGAAGGAATCTC
ATTTGATATTTATTCAACATTCATAGAGCCCCCCACAATATTGGATACGGAAATGAA
GAGGTTGGATCAAGAACAAGGCCCTGAGGAGTCTCAGCCAGAAACTGACACCT
CAGACATGGATCCTTTAGTTGGTTTCACCATTGAAGATGTAAAATCAGTGCTGGAT
CAAGTCACAGATGACATTTTAATCGGCATTCAGACCGAGATAAACGAAAAACTGC
AAATACAGGAAGAGGCCTTTAATGCACGAATAGAAAAATTGAAAAAGGCCTAAG
GACTTGGTACAAGGAGAGTGATGCTAAACTTCACAGAAACAAACAAAACCAGCC
AGAATAACAGACTCTCTGGAGCGTCGTGTCTCCATCACTTAGTTGTGAAAGGAAA
ACCAAGCCCCACTTTTTATTTTCCTAAGTAATTAGAAAAGTATTGGTCCCAATTTTG
CTATCTCCCATCCCATAACAGCCTCTGAATTTATTGCACCAAGTGTAATGAGAACA
TTTTGTATACAAGAGTTTGAAAAATTATATATAAAAATACAATTACTTTTATGATAGT
CCTTTGACGTTTTGACTAATAAATCCTATTCATCTTCAAGGAGAATGAAGTCAACT
TTTTAAATAACCAGAAATAAAGAAAGATGATAATAACTTCATCCATTTTGACCCAAA
CGGACTGCCACGTTACTGGAACA

XLOC_005968 (802bp)
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