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Abstract 32	

The erythroid Krüppel-like factor EKLF/KLF1 is a hematopoietic transcription factor 33	
binding to CACCC DNA motif and participating in the regulation of erythroid 34	
differentiation. With combined use of microarray-based gene expression profiling and 35	
promoter-based ChIP-chip assay of E14.5 fetal liver cells from wild type (WT) and 36	
EKLF-knockout (Eklf-/-) mouse embryos, we have identified the pathways and direct 37	
target genes activated or repressed by EKLF. This genome-wide study together with 38	
molecular/ cellular analysis of mouse erythroleukemic cells (MEL) indicate that among 39	
the downstream direct target genes of EKLF is Tal1/Scl. Tal1/Scl encodes another 40	
DNA-binding hematopoietic transcription factor TAL1/SCL known to be an Eklf activator 41	
and essential for definitive erythroid differentiation. Further identification of the authentic 42	
Tall gene promoter in combination with in vivo genomic footprinting approach and DNA 43	
reporter assay demonstrate that EKLF activates Tall gene through binding to a specific 44	
CACCC motif located in its promoter. These data establish the existence of a previously 45	
unknow positive regulatory feedback loop between two DNA-binding hematopoietic 46	
transcription factors that sustains the mammalian erythropoiesis. 47	

 48	
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INTRODUCTION 49	

    Erythropoiesis is a dynamic process sustained throughout whole lifetime of 50	
vertebrates for the generation of red blood cells from pluripotent hematopoietic stem cell 51	
(HSC). In the ontogeny of mouse erythropoiesis, the major locations of HSC change 52	
orderly for several times, convert from embryonic yolk sac to fetal liver and then to the 53	
spleen and bone marrow in adult mice (1). At each of these tissues, the multistep 54	
differentiation process of erythropoiesis begins at the level of pluripotent hematopoietic 55	
stem cells (HSCs) and terminates with the production of erythrocytes (RBCs) and it is 56	
accompanied with a series of lineage-specific activation and restriction of gene 57	
expression. This stage-specific gene regulation cascade is mediated by several 58	
erythroid-specific/ erythroid-enriched transcription factors, including GATA1, TAL1/SCL, 59	
NF-E2, and EKLF (2-5). 60	

    Among the factors regulating erythropoiesis lies the Erythroid Krüppel-like factor 61	
(EKLF/KLF1). EKLF is a pivotal regulator that functions both in erythroid differentiation 62	
and in controlling the lineage fate decision by the bipotential megakaryocyte-erythroid 63	
progenitors (MEPs) (6-10). Eklf is the first identified member of the KLF family of genes 64	
expressed in the erythroid cells, mast cells and their precursors (11, 12) as well as some 65	
of the other types of the hematopoietic cells but at low levels (6,13; Bio GPS). The 66	
critical function of Eklf in erythropoiesis has been demonstrated initially by gene 67	
abolition studies, with the Eklf-knockout mice (Eklf−/−) displaying severe anemia and died 68	
in utero at around embryonic (E) day 14.5 (E14.5) (14, 15). In addition to the dramatic 69	
decrease of the adult β globin gene expression, the molecular and cellular basis of 70	
lethality of Eklf−/− mice is far more complex (8, 16). In particular, the impairment of the 71	
definitive erythropoietic differentiation is a major cause of embryonic lethality in Eklf−/− 72	
mice in addition to β-thalassemia (17, 18). Significant reduction of the number of 73	
macrophages and abnormal macrophage morphology have also been observed in the 74	
E14.5 fetal liver of Eklf−/− mice (13). 75	

    EKLF regulates its downstream genes, including the adult β globin genes, 76	
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through binding of its C-terminal C2H2 zinc finger domain to the canonical binding 77	
sequence CCNCNCCC located in the promoters or enhancers (18-20) and the recruitment 78	
of co-activators, eg. CBP/p300 (21) and SWI/SNF-related chromatin remodeling complex 79	
(22, 23), or co-repressors, eg. mSin3A/HDAC1 (18) and Mi-2β/NuRD (7) complexes. 80	
Moreover, clinical associations exist between Eklf gene and different human 81	
hematopoietic phenotypes or diseases including β-thalassemia, the congenital 82	
dyserythropoietic anemia 4 (CDA4), neonatal anemia, the increased red blood cell 83	
protoporphyrin, hereditary persistence of fetal hemoglobin (HPFH), borderline HbA2, and 84	
inhibitor of Lutheran [In(Lu)] blood type (10, 24, 25). In erythroid progenitors, eg. CFU-E 85	
and Pro-E, EKLF is mainly located in the cytoplasm. Upon differentiation of Pro-E to 86	
Baso-E, EKLF is imported into the nucleus (20, 26) and form distinct nuclear bodies 87	
colocalized the β-globin locus, RNA polymerase II, SC35, and PML in discrete nuclear 88	
bodies (20, 27). In this way, EKLF participates in the spatial organization of chromatin 89	
configuration for efficient and coordinated transcription of genes including the β-globin 90	
locus in erythroid cells. More recently, genome-wide analysis of the global functions of 91	
mouse EKLF through identification of the direct transcription target genes has been 92	
conducted by using ChIP-Seq in combination with gene expression profiling (28, 29). The 93	
results from these studies suggest that EKLF functions mainly as a transcription activator 94	
in cooperation with TAL1/SCL and/or GATA1 to target genes including those required for 95	
terminal erythroid differentiation (28-30). However, much remains to be reconciled 96	
between the two studies with respect to the diversity of the genomic EKLF-binding 97	
locations and the deduced EKLF regulatory networks.  98	

Besides EKLF, there are several other factors that have been shown to regulate 99	
erythropoiesis (2, 5). In particular, the T-cell Acute Lymphocytic Leukemia 1 (TAL1), also 100	
known as the Stem Cell Leukemia (SCL) protein, plays a central role in erythroid 101	
differentiation as well. The role of Tal1/Scl in primitive erythropoiesis has been 102	
demonstrated by the lethality of Tal1-/- mice at E9.5 because of a complete absence of 103	
primitive erythrocyte in yolk sac (31, 32). Studies using erythroid cell lines (33) or 104	
adult-stage conditional Tal1 gene knockout mice (34, 35) have shown the requirement of 105	
Tal1 in definitive erythropoiesis. Another transcription factor known to play important 106	
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roles in erythropoiesis is the zinc-finger DNA-binding protein GATA1, the consensus 107	
binding box ((T/A)GATA(A/G)) of which is present in the promoters and enhancer of 108	
most erythroid-specific genes (36-38).The cooperative functioning of TAL1 and GATA-1 109	
in the regulation of erythroiepoiesis is closely associated with their physical associations 110	
at thousands of genomic loci (39). 111	

Interestingly, Eklf appears to be a downstream target gene of the TAL1 factor. 112	
Whole-genome ChIP-seq analysis has identified the binding of TAL1 protein on the Eklf 113	
promoter in the primary fetal liver erythroid cells (40). Furthermore, there exists in the 114	
Eklf gene promoter the composite sequence of GATA-E box-GATA, which is a potential 115	
binding site of the GATA1-TAL1 protein complex required for the expression of Eklf gene 116	
in a transgenic mouse system (41). In the study reported below, we have combined 117	
promoter-based ChIP-chip technique using a high-specificity anti-EKLF antibody and 118	
microarray-based gene expression profiling to provide a genome-wide overview of the 119	
genes targeted by EKLF in the E14.5 mouse fetal liver cells. Remarkably, Tal1 has turned 120	
out to be a direct target gene of EKLF, indicating the existence of a positive feedback loop 121	
between Eklf and Tal1 for the regulation of erythropoiesis in mammals. 122	

123	
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MATERIALS AND METHODS 124	

Generation of Eklf-/- mice 125	

As described elsewhere (Hung et al., unpublished), the generation of B6 mouse lines 126	
with homozygous knockout of Eklf gene, Eklf-/-, was carried out in the Transgenic Core 127	
Facility (TCF) of IMB, Academia Sinica, following the standard protocols with use of 128	
BAC construct containing genetically engineered Eklf locus and E2A-Cre mice. 129	

Gene expression profiling by Affymetrix array hybridization 130	

E14.5 mouse fetal livers from WT and Eklf-/- mouse fetuses were homogenized by 131	
repeated pipetting in phosphate-buffered saline (PBS) (10 mM phosphate, 0.15 M NaCl 132	
[pH 7.4]). Total RNAs were then isolated with Trizol reagent (Invitrogen) and subjected to 133	
genome-scale gene expression profiling using the Mouse Genome Array 430A 2.0 134	
(Affymetrix, Inc.). Standard MAS5.0 method was applied to normalize the gene 135	
expression data. Gene expression values were log-transformed for later comparative 136	
analysis. Statistical analysis was carried out using R 3.0.2 language (R Development Core 137	
Team, 2013, http://www.R-project.org) 138	

Identification of differentially expressed genes 139	

Genes with differential expression patterns between the WT and Eklf−/− mice E14.5 140	
fetal liver were first identified using two-sided two sample t-test with the significance 141	
level at 0.05. Since the set of probes for each annotated gene should all exhibit the same 142	
direction or sign when comparing the WT and Eklf−/− samples, this consistency check was 143	
used to remove 257 ambiguous genes from the gene list. After filtering by the p-value 144	
threshold, a subset containing 12,277 statistically significant probe sets was obtained.  145	

 146	

Identification of EKLF-bound targets by using NimbleGen ChIP-chip array  147	
hybridization 148	
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The E14.5 mouse fetal liver cells were cross-linked, sheared, and the EKLF 149	
bound-chromatin complexes were immuno-precipitated (ChIP) with the AEK antibody 150	
(20) and rabbit IgG, respectively. DNAs were then purified from the immunoprecipitated 151	
chromatin samples by QIAquick PCR purification kit (Qiagen) and amplified by the 152	
Sigma GenomePlex WGA kit for hybridization with the Roche NimbleGen Mouse 153	
ChIP-chip 385K RefSeq promoter arrays.  154	

 There were 768,217 probes on the NimbleGen 385K ChIP-chip array. These probes 155	
were grouped into 21,536 sequence ids each of which contained 5 to 320 probes that 156	
ranged from 49 bp to 74 bp in length. The distances between the probes in the same 157	
sequence id ranged from 100 bp to 3,700 bp. In general, these sequence ids are located in 158	
the promoter regions of genes, roughly from -3.75kb to +0.75 kb relative to the 159	
transcription start site (TSS). The sequence id would be assigned a gene name when the 160	
gene’s coding sequence overlapped with the region from 10 kb upstream to 10 kb 161	
downstream of the sequence id. In this way, 652 sequence ids were found to be located in 162	
the intergenic regions and 20,884 sequence ids were near the coding regions of genes. 163	

To identify the binding targets of EKLF, the moving window with size equal to 5 was 164	
adopted to test the hypothesis on positive mean value using one-sided t-test with the 165	
significant level at 0.0017. This smaller cut-off value was chosen to account for the 166	
multiple comparison. Specifically, there were 35 probes in each sequence id, and the 167	
adjusted p-value was derived by (1-(1-0.0017)30) ~0.05. The moving window was applied 168	
to each sequence id separately. Finally, the results were summarized at the sequence id 169	
level, and a sequence id would be defined as a target site of EKLF if there was a 170	
significant peak in the sequence id. 171	

 172	

Matching between Affymetrix probes and NimbleGen ChIP-chip probes 173	

The E14.5 fetal livers gene expression data obtained from Affymetrix array 174	
hybridization analysis allowed us to further reduce the false positives from the ChIP-chip 175	
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dataset. To do this, the annotation strategy used in annotating the sequence ids in 176	
ChIP-chip array was adopted to match the probes from these two platforms by gene 177	
symbols. After this procedure, there were a total of 78,634 matched pairs between the 178	
ChIP-chip sequence ids and Affymetrix probes. 179	

 180	

Co-occurrence of Binding Motifs and Relative Distance Distribution 181	

 226 known transcription factor-binding motifs were extracted from the previous 182	
report (28). For each of these binding motifs, the number of sequences in the mouse 183	
genome bearing the motif was sorted. The top co-existing binding motifs with EKLF were 184	
then further investigated. The relative distance between a co-existing motif and the 185	
EKLF-binding motif was calculated for each sequence id. However, when there existed 186	
multiple binding motifs in the same sequence id, multiple distances would be generated. 187	
In that case, the shortest distance was selected as the representative distance in that 188	
sequence id. The relative distance distribution was then plotted to inspect the potential 189	
localization biases. The existence of a localization bias provided further indication that 190	
two transcription factors might interact in certain way to regulate the particular target 191	
gene(s). 192	

 193	

Functional enrichment analysis 194	

The analysis was carried out with use of IPA (Ingenuity® Systems, 195	
www.ingenuity.com) to identify genes significantly associated with specific biological 196	
functions and/or diseases in the Ingenuity Knowledge Base. Right-tailed Fisher’s exact 197	
test was used to calculate the p-value determining the probability that each biological 198	
function and/or disease assigned to that data set was due to chance alone. The list of genes 199	
with significant EKLF-binding enrichment and deemed to be expressed differentially in 200	
WT and KO mice fetal livers was imported into IPA. The up-regulated and 201	
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down-regulated EKLF targets were first mapped to the functional networks available in 202	
the IPA database, and then ranked by scores computed with the right-tailed Fisher’s exact 203	
test mentioned above. As listed in Supplemental Tables S3A and S3B, this analysis 204	
identified significant over-represented molecular and cellular functions (p value < 0.05) 205	
associated with the imported up-regulated and down-regulated EKLF targets that were 206	
eligible (score > 25) with the significance scores 26 and 34, respectively (Fig. S1 and S2).  207	

 208	

ChIP-qPCR  209	

The ChIP-PCR analysis followed the procedures by Daftari et al. (42). The 210	
sonicated cell extracts from formaldehyde cross-linked E14.5 day mouse fetal liver cells 211	
were immuno-precipitated with anti-EKLF and purified rabbit IgG, respectiviely. The 212	
precipitated chromatin DNAs were purified and analyzed by quantitative PCR (qPCR) in 213	
the Roche LightCycle Nano real-time system. Sequences of the primers used for q-PCR 214	
designed by our lab are list in Supplementary Table 7. Each target gene was amplified 215	
with one set of primers flanking the putative EKLF-binding CACCC motif(s) and two 216	
sets of non-specific primers bracketing regions located at upstream and downstream of 217	
the CACCC motif(s), respectively.  218	

 219	

Plasmid construction 220	
Mouse Eklf cDNA was derived by RT-PCR of RNA from DMSO-induced MEL cells 221	

and cloned into the vector pCMV-Flag (Invitrogen), resulting in pFlag-EKLF. Plasmids 222	
for luciferase reporter assay were constructed in the following way: Tal1 promoter region 223	
from -1 to -900 relative to transcription start site of the newly identified Tal1 exon 1 was 224	
amplified by PCR of mouse genomic DNA, with the addition of a XhoI cutting site at 5’ 225	
end and a HindIII site at 3’ end, and cloned into the XhoI and HindIII sites in the 226	
psiCHECK™-2 Vector (Promega) resulting in the plasmid pTal1-Luc. Tal1 promoter 227	
DNA fragments with the putative EKLF-binding CACCC box(es) mutated were generated 228	
by fusion PCR using the endogenous Tal1 promoter as the template. Sequences of the 229	
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three mutated CACCC boxes and their flanking regions in these fragments are: E1 box, 230	
5’-CAGGCAAAACCAGGGACCAcatatTTAAAAATGATTCCCCTTCTCAAG-3’; E2 231	
box, 5’-CAATAGCTCTTCAGTTAGCGGTGAAGGCTCATGAAcatatCCAC-3’; E3 232	
boxes, 5’-GAGTTATTGACACAGCCCTGTcatatCCTCCCCCCACTG-3’. The inserts of 233	
all the plasmids were verified by DNA sequencing before use. 234	
 235	

Cell culture, differentiation, DNA transfection and knockdown of gene expression 236	

Murine erythroleukemia cell line (MEL) was cultured in Dulbecco’s modified Eagle 237	
medium containing 20% fetal bovine serum (Gibco), 50 units/ml of penicillin, and 50 238	
µg/ml of streptomycin (Invitrogen). For induction of differentiation, the cells at a density 239	
of 5×105 /ml were supplemented with 2% dimethyl sulfoxide (DMSO; Merck) and the 240	
culturing was continued for another 24 to 72 hr. DNA transfection of the MEL cells and 241	
K562 cells was carried out using the TurboFect transfection reagent (Thermo Scientific) 242	
and Lipofectamine® 2000 transfection reagent (Life Technologies), respectively.  243	

For knockdown of Eklf gene expression, MEL cell line-derived clones 4D7 and 244	
2M12 (7) were maintained in 20 µg/mL of blasticidin (Invitrogen) and 1 mg/mL of G418 245	
(Gibco). Differentiation of 4D7 and 2M12 cells was induced by 2% dimethyl sulfoxide 246	
(DMSO; Merck) for 48 hr. Expression of shRNA targeting and knocking-down Eklf was 247	
induced by the addition of 2 µg/ml of doxycycline (Clontech) for 96 hr, as described in 248	
Bouilloux et al. (7).  249	

 250	

RNA analysis 251	
Total RNA from MEL cells and fetal liver suspension cells were extracted with 252	

TRIzol reagent (Invitrogen). cDNAs were synthesized using SuperScript II Reverse 253	
Transcriptase (RT) (Invitrogen) and oligo-dT primer (Invitrogen). Taq DNA polymerase 254	
was used for semi-quantitative RT-PCR analysis of the cDNAs. Quantitative real-time 255	
PCR (qPCR) analysis of the cDNAs was carried out using the LightCycler® 480 SYBR 256	
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Green I Master (Roche Life Science) and the products were detected by Roche 257	
LightCycler LC480 Real-Time PCR instrument. Primers used for qPCR analysis were 258	
designed following previous reports or from the online database PrimerBank: 259	
http://pga.mgh.harvard.edu/primerbank. Primers used for validating the microarray data 260	
and for Tal1 exon 1 identification by RT-PCR were designed by our lab. The sequences of 261	
the DNA primers used in semi-quantitative RT-PCR and real-time RT-qPCR are available 262	
upon request. 263	
 264	

Western blotting analysis and antibodies 265	

Whole-cell extract of MEL or mouse fetal liver cells were analyzed by 266	
polyacrylamide gel electrophories (PAGE) and Western blotting following the standard 267	
protocols. Enhanced chemiluminescence (ECL) detection system (Omics Biotechnology 268	
Co.) was used to visualize the hybridizing bands on blots. Goat anti-TAL1 antibodies, 269	
sc-12982 and sc-12984, were purchased from Santa Cruz, Inc. Anti-Flag (M2), 270	
anti-Tubulin(B-5-1-2), and anti-β-Actin (AC-15) mouse antibodies were purchased from 271	
Sigma-Aldrich. The anti-EKLF antibody (anti-AEK) was homemade (19). 272	

 273	

Reporter assay 274	
For luciferase reporter assay in 293T cells, 1 µg of each of the wild-type pTal1-Luc 275	

plasmid or its mutant forms were transfected into 4×105 /ml of cells. The total amount of 276	
transfected DNA was kept at 0~3 µg with addition of 0~3 µg of empty vector pCMV-Flag. 277	
After 24 hr, the luciferase activities were measured using the Dual-Luciferase® Reporter 278	
Assay System (Promega). Firefly luciferase activity was used as an internal control and 279	
Renilla activity was used to monitor the transactivity of the Tal1 promoter or its mutant 280	
forms. 281	
 282	
In vivo genomic footprinting 283	

The status of nuclear factor-binding in the living MEL cells was investigated by 284	
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dimethyl sulfate (DMS) cleavage in vivo and ligation-mediated PCR (LMPCR) as 285	
described previously (43,44) with some modification. The distal promoter region was 286	
analyzed with primer set D (P1[5`-885 GCTCACAAA CT CCT GTTTCAGAGGAG-860 287	
3`], P2 [5`-867CAGAGGAGCTAATGTT CTGCCTTCTTC-840 3`], and P3 [5`-867 288	
CAGAGGAGCTAATGTGTCTGCCTTCTTCTAG-837 3`]); the central promoter region 289	
was analyzed with primer set C (P1[5`-817GACATTAATACAGGCAAAACCAGG 290	
GACC-790 3`], P2[5`-798CCAGGGACCAC ACCCTTAAAAATGATTCC-770 3`], and 291	
P3[5`-798CCAGGGACCAC ACC CTTAAAAATGATTCCCC-768 3`]); the proximal 292	
promoter region was analyzed with the primer set P(P1[5` 320GAAAGAAAAACCCAG 293	
A TACTCCTCAGC-294 3`], P2 [5`-287GGTTCCTACAATGTACCTATGG GCTTC-261 294	
3`], and P3[5`-287GG TTCCTACAATGTACCTATGGGCTTCAATG-257 3`]). Different 295	
batches of DMS-treated cells were analyzed several times to check for consistency of the 296	
protection patterns. The relative intensities of the bands on the autoradiographs were 297	
estimated in a AlphaImager 2200 (Clontech). 298	
 299	

RESULTS 300	

Genome-wide identification of EKLF target genes by microarray hybridization and 301	
promoter-based ChIP-chip analyses 302	

We first carried out gene profiling analysis to identify genes regulated by EKLF. The 303	
microarrays were hybridized with cDNAs derived from E14.5 fetal liver RNAs of four 304	
wild-type (WT) and four Eklf knockout (KO or Eklf−/−) embryos, respectively (Fig. 1A). 305	
Overall, there were 6,975 genes with differential expressions levels between the WT and 306	
KO mice (Fig. 1B, 1C, and 1D). Notably, the confidence index of the microarray 307	
hybridization analysis was approximately 70%, as the upregulation/ downregulation of 8 308	
out of 12 genes could be validated by semi-quantitation RT-PCR analysis (Fig. S3). 309	

We then performed ChIP-chip analysis (Fig. 1C) using a promoter-based microarray 310	
and the high-specificity polyclonal anti-mouse EKLF antibody (anti-AEK) (19, 26); (Fig. 311	
1). The probes on the ChIP-chip array were grouped into 21,536 sequence ids (SEQ_ID). 312	
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The promoter of each annotated gene was defined as the region from -3.75kb upstream to 313	
0.75 kb downstream of the transcription start site (TSS). The SEQ_IDs with at least one 314	
significant peak were defined as the potential target binding sites of EKLF. Overall, 315	
enriched EKLF-binding was present in 5,323 SEQ_IDs corresponding to 4,578 promoters 316	
(Fig. 1C and Fig. 1D). We also validated the ChIP-chip data by ChIP-qPCR. 9 of 13 317	
promoters on the ChIP-chip list indeed were bound with EKLF as shown by this assay 318	
(Fig. S4). 319	

The data from the ChIP-chip and the microarray gene profiling experiments were 320	
then combined to identify the putative EKLF target genes. After matching between the 321	
11,549 differentially expressed probe sets from the microarray data and the 5,323 322	
significant SEQ_IDs from the ChIP-chip array data, 2,391 SEQ_IDs (11.1%) from the 323	
ChIP-chip data and 3,467 probe sets (7.7%) from the microarray hybridization data 324	
remained. In the end, combination of the two data sets resulted in 2,644 distinct genes 325	
(Fig. 1C and Table S2A). This gene list included only genes with altered expression level 326	
in the Eklf−/− fetal liver at the p < 0.05 level and with at least one statistically significant 327	
EKLF-binding site (p < 0.0017) in the promoter region without considering the fold 328	
change of expression and enrichment of binding. 329	

Upon filtering with the effect sizes of the ChIP-chip data (>0.25) and microarray 330	
profiling data (> 0.5), the number of EKLF-bound and regulated targets was reduced from 331	
2,644 to 1,866, among which 1,156 were down-regulated and 710 were up-regulated in 332	
E14.5 WT fetal liver (Fig. 1C , Fig. 1D, Table S2B and Table S2C). The above data 333	
supported the scenario that the promoter-bound EKLF could function as either repressors 334	
or activators in vivo. Notably, the promoters bound with and regulated by EKLF were 335	
distributed throughout the mouse genome with no obvious preference for any 336	
chromosome (Fig. 2A and 2B). 337	

 338	

Functional and pathway analysis of EKLF target genes  339	
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Previously reports by others using the Ingenuity Pathway analysis (IPA) and GeneGo 340	
MetaCore analysis platform showed that EKLF target genes were associated with a 341	
variety of cellular activities or pathways including general cellular metabolism, cell 342	
maintenance, cell cycle control, DNA replication, general cell development and 343	
development of hematologic system (29, 47). To gain further insight into the potential 344	
biological roles and functions of EKLF, we applied the IPA software for analysis of the 345	
putative 1,866 direct target genes of EKLF. The analysis identified the top five 346	
over-represented networks of the down-regulated EKLF targets and up-regulated EKLF 347	
targets, respectively (Table 1). The significance of the relevant networks were 348	
strengthened with use of the higher cut-off score of 25 to ensure that reliable functional 349	
networks built by IPA were eligible (Table 1, Supplementary Table S3A and S3B). This 350	
network analysis by us confirmed the previously established association of the 351	
hematological system development/ function with the up-regulated EKLF targets (29). 352	
Notably, the top network associated with either the down-regulated EKLF targets or 353	
up-regulated EKLF targets was related to metabolism and small molecule biochemistry 354	
(Table 1). Additionally, the significant networks/functions associated with the 355	
down-regulated EKLF targets were more broad than those with the up-regulated EKLF 356	
targets (Table 1). Overall, our analysis was consistent with the previous studies (28, 29) in 357	
that the promoter occupancy by EKLF also played important roles in developmental 358	
processes, other than erythropeisis and hematological development. 359	

We also used IPA software to group the number of EKLF targets according to their 360	
respective biological functions, regulatory pathways and physiological functions (Tables 2, 361	
S4A and S4B). Of the top five molecular and cellular functions, the cell death/ survival, 362	
cellular assembly/ organization, and cellular function/ maintenance were overrepresented 363	
in both the up-regulated as well as down-regulated EKLF targets. Further enrichment 364	
analysis of the canonical pathways using the IPA software revealed significant 365	
overrepresented pathways across the same two genes lists (Tables 3, S5A and S5B). The 366	
prominent enrichment of the up-regulated EKLF targets were related to cell cycle control 367	
of chromosomal replication, EIF2 signaling, mitochondrial dysfunction, hypusine 368	
biosynthesis, and tryptophan degradation III (Eukaryotic) (Supplementary Fig. S5). The 369	
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enrichment of the down-regulated EKLF targets was related to insulin receptor signaling, 370	
chondroitin sulfate degradation (Metazoa), gap junction signaling, nitric oxide signaling 371	
in the cardiovascular system, and PDGF signaling (Supplementary Fig. S6). The above 372	
together further established the specific functions and associated biological pathways 373	
associated with the EKLF target genes. 374	

 375	

Identification of potential transcription factors co-regulating the EKLF targets 376	

Since co-occurrences of specific transcription factor-binding motifs in the promoters 377	
would suggest the cooperation of these factors in transcriptional regulation (48, 49), we 378	
searched factor-binding motifs across the EKLF-bound promoters as described in Material 379	
and Methods. Specifically, the consensus transcription factor-binding motifs were ranked 380	
based on how often a particular motif occurred within the sequence id. This observed 381	
frequency was applied to all the consensus transcription factor-binding motifs identified 382	
within the EKLF-bound regions on each sequence id (Table 4 and Supplementary Table 383	
S6). As expected, the most abundant transcription factor-binding motif in the 384	
EKLF-bound and regulated promoters was the consensus EKLF-binding sequence 385	
CACCC, which was present a total of 2,390 times in 2,391 of EKLF target sequence ids 386	
corresponding to 2,143 times in 2,644 distinct gene promoters. Consistent with Tallack et 387	
al. (28), the binding motifs of known transcription factors functionally interacting with 388	
EKLF, such as TAL1 and GATA1 (28), were also identified, which were present at least 389	
once in 2,390 (2,143 distinct gene promoters) and 2,384 (2,139 distinct gene promoters) 390	
of the EKLF target sequence ids, respectively. In addition, the binding motifs of a number 391	
of other transcription factors possibly interacting with EKLF functionally, such as PEA3, 392	
LVa, H4TF-1 and XREbf , etc., were also identified in this way (Tables 4 and S6).  393	

To investigate the functional cooperation between TAL1 and EKLF or between 394	
GATA1 and EKLF, we further analyzed the distance between the binding motifs of 395	
GATA1 or TAL1 and that of EKLF. Indeed, the distribution of TAL1 binding motifs has 396	
the highest frequencies between +100 bp and -100 bp from EKLF binding motifs, 397	
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indicating a functional cooperation between TAL1 (or possibly Ldb1 complex) and EKLF. 398	
Moreover, this cooperation likely acts through the binding of TAL1 at upstream of EKLF 399	
protein (Fig. 2C). The distribution pattern of GATA1 binding motifs also supported the 400	
cooperation between this factor and EKLF (Fig. 2D), although there is no obvious 401	
upstream/downstream preference between these two factors. 402	

Likelihood of Tal1 gene as a regulatory target of EKLF in E14.5 fetal liver cells 403	

Our motif analysis across the EKLF-bound promoters revealed that the binding 404	
motifs of the transcriptional factor TAL1 had the highest frequency of co-occupancy with 405	
the binding motifs of EKLF (Table 4), suggesting a functional cooperation between these 406	
two factors in transcriptional regulation. Interestingly, such cooperation in the 407	
hematopoietic system were often associated with the transcriptional activation of one 408	
partner by another partner (29, 30). For instance, either the EKLF-GATA1 or 409	
TAL1-GATA1 duet served as part of specific activation complex(es) in the erythroid cells 410	
(49-51), and both the Eklf gene (52, 53) and the Tal1 gene (54) were activated by the 411	
GATA1 factor. We thus further investigated whether there was also an epistatic 412	
relationship between Eklf and Tal1.  413	

Gene expression profiling by microarray hybridization revealed a 2.5-fold (effect 414	
size=1.3139) down-regulation of the Tal1 transcript in E14.5 Eklf-/- fetal liver in 415	
comparison to the wild-type E14.5 fetal liver (Supplementary Table S2A). This 416	
microarray data was validated by RT-qPCR. As shown, the level of Tal1 mRNA in the 417	
Eklf-/- fetal livers was decreased significantly, down to 47% of the level detected in 418	
wild-type fetal liver (left histograph, Fig. 3A). In parallel, the TAL1 protein level in the 419	
Eklf-/- fetal livers cells was also down-regulated, by 70%, when compared to the wild type 420	
(right panels and histograph, Fig. 3A). Thus, not only TAL1 factor could activate the Eklf 421	
gene transcription (40-41), but the Tal1 gene might also be a regulatory target of EKLF. 422	
Since Eklf-/- mice and Tal1-/- mice both exhibited a deficit of erythroid-lineage cells after 423	
the stage of basophilic erythroblasts (34, 47), we suspected that the promotion of erythroid 424	
terminal differentiation from pro-erythroblasts to basophilic erythroblasts very likely 425	
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required EKLF-dependent activation of the Tal1 gene transcription.  426	

EKLF as an activator of Tal1 gene expression during erythroid differentiation 427	

    To further examine whether EKLF was an activator of Tal1 gene transcription in 428	
erythroid cells, we first analyzed the expression level of Tal1 mRNA in cultured mouse 429	
erythroid leukemic (MEL) cells during DMSO induced erythroid differentiation. Similar 430	
to bmaj mRNA, the Tal1 mRNA was expressed in un-induced MEL at a basal level, which 431	
was increased by 2-3 folds upon DMSO differentiation (top, Fig. 3B). In consistency, the 432	
protein level of TAL1 was also up-regulated during an 48 hr period of DMSO-induced 433	
differentiation, but down-regulated subsequently (bottom, Fig. 3B). The up-regulation of 434	
the Tal1 gene supported the scenario that sustained higher expression of the Tal1 gene was 435	
required for erythroid differentiation. The biphasic expression profile of the TAL1 protein 436	
further suggested that the requirement of TAL1 for MEL cell differentiation was up to 48 437	
hr after DMSO-induction, which corresponded to the basophilic / polychromatic stages of 438	
erythroid differentiation.  439	

 440	

We then analyzed Tal1 mRNA levels in two independent MEL cell-derived stable 441	
clones, 4D7 and 2M12. As shown in Fig. 3C, knock-down of Eklf mRNA by the 442	
doxycycline-induced shRNAs led to a significant reduction of the Tal1 mRNA under the 443	
condition of DMSO-induced erythroid differentiation, but not in un-induced MEL cells. 444	
The latter result further supported that EKLF was not part of the regulatory program of 445	
Tal1 gene transcription in MEL cells prior to their differentiation. The data of Fig. 3C 446	
indicated that EKLF was required for the activation of Tal1 gene transcription during 447	
DMSO-induced erythroid differentiation of MEL cells. Together with the loss-of-function 448	
of Eklf study in mouse fetal liver (Fig. 3A), we conclude that while TAL1 is a known 449	
activator of Eklf gene transcription, EKLF also positively regulates Tal1 gene transcription 450	
during erythroid differentiation from CFU-E/ pro-erythroblasts to the basophilic / 451	
polychromatic erythroid cells. 452	
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     453	

Binding in vivo of EKLF to the upstream promoter of Tal1 Gene 454	

How would EKLF activate the Tal1 gene transcription during erythroid 455	
differentiation ? It could either directly activate the Tal1 gene through DNA-binding in 456	
the regulatory regions of the gene, eg. its promoter or enhancer, or indirectly through 457	
other transcriptional cascades. In interesting association with the above data of Tal1 458	
expression in the presence and absence of EKLF, the ChIP-chip analysis identified two 459	
regions with significant reads of EKLF-binding, one of which (region I,114,551,700 - 460	
114,552,900 on chromosome 4, NCBI 36/mm8) was located around the Tal1 gene in 461	
E14.5 fetal liver cells (Fig. 4A, Table S1, Table S2A). In mouse erythroid cells, the Tal1 462	
gene encodes a Tal1 mRNA isoformA (Fig. 4B) consisting of 5 exons, with the most 463	
upstream exon1 located at 115,056,426 - 115,056,469 (NCBI 36/ mm8). However, no 464	
CCAAT box or TATA box or CACCC box could be found within 300 bp upstream of this 465	
exon 1. Instead, we found these motifs in a region ~ 860 bp upstream of isoform A exon 1 466	
(Fig. 4B and 4C; see also sequence in Fig. 5A). We thus suspected that exon 1 of Tal1 467	
gene might be longer than currently documented in the database Alternatively, there might 468	
be another exon upstream of the exon 1 of isoform A.  469	

To solve the issue, we carried out semi-quantitative RT-PCR analysis of MEL cell 470	
RNAs using different sets of primers. As shown in the bottom panels of Fig. 4B, use of 471	
the forward primer PF-3 with any one of 4 different reverse primes (AR-1, AR-2, AR-3, 472	
and AR-4) would not generate a RT-PCR band on the gel. On the other hand, the use of 473	
the forward primer PF-1 or PF-2 together with the 4 reverse primers generated RT-PCR 474	
bands the lengths of which were consistent with the existence of an exon (115,055,766 - 475	
115,056,469, NCBI 36 / mm8) consisting of the previously known isoform A exon 1 at its 476	
3’ region (the diagram, Fig. 4B). Based on these RT-PCR data and the common distance 477	
(25-27 bp) between the promoter TATA box and transcription start site(s) of polymerase 478	
II-dependent genes, we suggest a map of the promoter region of Tal1 gene upstream of 479	
the newly identified exon1, which contains the TATA box at -28, two CCAAT boxes at 480	
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-133 and -57, and three CACCC boxes (-788, -710 and -185) upstream of transcription 481	
start site or TSS (Figs. 4C and 5A).  482	

To validate the in vivo binding of EKLF in the newly identified Tal1 promoter, we 483	
carried out ChIPq-PCR analysis. As shown in Fig. 4C, use of four different sets of primers 484	
spanning different regions upstream and downstream of the Tal1 transcription start site 485	
(TSS) indicated EKLF-binding to region b containing the distal CACCC boxes E1 at 486	
-788/ E2 at -710 and to region c containing the proximal CACCC box E3 at-185.  487	

Binding in vivo of EKLF to the proximal CACCC box of Tal1 promoter- Genomic 488	
footprinting analysis  489	

In order to examine whether EKLF indeed bound to the proximal CACCC box of the 490	
Tal1 promoter in differentiated erythroid cells, we next carried out genomic footprinting 491	
assay of the Tal1 promoter in MEL cells before and after DMSO induction (Fig. 5). As 492	
shown, upon DMSO induction of the MEL cells, genomic footprints appeared at the   493	
distal CACCC box E1 and more prominently the proximal CACCC box E3 at-185 (Fig. 5). 494	
On the other hand, the distal CACCC box E2 at -710 was not protected in MEL cells with 495	
or without DMSO induction. Notably, the intensities of gel bands at -133, -132, -57, and 496	
-56 appeared to be enhanced upon DMSO induction, suggesting binding of factor(s) at the 497	
two CCAAT boxes as well (Fig. 5). These genomic footprinting data support the scenario 498	
that EKLF positively regulates the Tal1 promoter activity through binding mainly to the 499	
proximal promoter CACCC box E3. This would facilitate the recruitment of other factors 500	
including the CCAAT box-binding protein(s) to the Tal1 promoter.  501	

 502	

Requirement of the proximal CACCC motif for transcriptional activation of the 503	
Tal1 promoter by EKLF 504	

To investigate whether EKLF was indeed an activator of Tal1 gene transcription 505	
through binding to the proximal CACCC promoter box, we constructed a reporter plasmid 506	
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pTal1-luc in which the Tal1 promoter region from -900 to -1 was cloned upstream of the 507	
luciferase reporter. Three mutant reporter plasmids, pTal1(Mut E1)-Luc, pTal1(Mut 508	
E2)-Luc, and pTal1(Mut E3)-Luc, were also constructed in which the CACCC box E1, E2, 509	
or E3 was mutated (Fig. 6A). Human 293T cells were then co-transfected with one of 510	
these 4 reporter plasmids plus an expression plasmid pFlag-EKLF. As shown in Fig. 6B, 511	
the luciferase reporter activity in cells co-transfected with pTal1-Luc, pTal1(Mut E1)-Luc 512	
or pTal1(Mut E2)-Luc increased in an Flag-EKLF dose-dependent manner. However, 513	
mutation at the E3 box of the reporter plasmid pTal1(Mut E3)-Luc prohibited this increase. 514	
This result in combination with the genomic footprinting data of Fig. 5 demonstrate 515	
explicitly that binding of EKLF to the proximal CACCC box E3, but not the distal E1 or 516	
E2 box, in differentiated erythroid cells is required for transcriptional activation of the 517	
Tal1 promoter.518	
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DISCUSSION  519	

A well-coordinated group of transcription factors regulate similar or distinct sets of 520	
target genes, which build up the diverse functional networks and biological pathways 521	
governing the process of erythropoiesis. Among these factors are GATA1, FOG1, FLI1, 522	
PU.1, TAL1/SCL, and EKLF (2-4, 10). Previously, global analyses by gene expression 523	
profiling with use of the microarrays have suggested the potential target genes and genetic 524	
pathways that function in erythropoiesis, as regulated by GATA1, TAL1/SCL, and EKLF 525	
(17, 18, 30, 37, 40, 55). Later, ChIP analysis in combination with next-generation 526	
sequencing and microarray hybridization have further provided lists of genes that could be 527	
regulated directly, through DNA-binding, by these factors (28, 29, 39, 40,56). Among the 528	
factors the potential regulatory targets of which have been studied globally is EKLF. In 529	
particular, the two sets of ChIP-Seq analyses have each provided a set of direct target 530	
genes of EKLF in the mouse fetal liver cells (28, 29). The change of binding of EKLF to 531	
its potential gene targets during differentiation from erythroid progenitors to erythroblasts 532	
in the E13.5 fetal liver has also been analyzed (29). However, these two studies have 533	
displayed divergent data with respect to the identities of genes directly regulated by 534	
EKLF.  535	

n this study, we have analyzed the regulatory functions of EKLF in E14.5 mouse 536	
fetal liver cells by combined use of genome-wide expression profiling and promoter 537	
ChIP-chip assay. Unexpectedly, the number of direct gene targets (1,866), as defined by 538	
the occupancy of EKLF within -3.75kb to +0.75kb relative to TSS (1.2 fold enrichment) 539	
and change >1.4 fold of the expression levels upon depletion of Eklf in the gene knockout 540	
mice, are significantly higher than those derived from Tallack et al, (28) and Pilon et al. 541	
(29). As shown in Fig. S7A, of the 1,866 EKLF target genes that we have identified, 257 542	
genes (13.7%) overlap with the data set from Tallack et al. (28) and 231 genes (12.3%) 543	
overlap with the data set from Pilon et al. (29). Furthermore, the number of overlapping 544	
genes between those two data sets was only 199. Moreover, among the direct targets 545	
identified in the 3 studies, only 55 (2.9% of 1,866) are in common (Fig. S7A). The 546	
inconsistencies of the conclusions among the 3 groups with respect to the direct target 547	
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genes of EKLF likely result from the uses of different antibodies, i.e. anti-EKLF from 548	
different sources vs. anti-HA, different approaches, ie. microarray hybridization vs. 549	
RNA-Seq and ChIP-chip vs. ChIP-Seq., different developmental stages, i.e. E13.5 vs. 550	
E14.5, of the embryos analyzed, different mouse strains, i.e. WT vs. HA-EKLF knock-in 551	
mice, different cell types, i.e. whole fetal liver vs. the progenitors/erythroblasts, and 552	
finally, analysis using different peak calling methods. Moreover, we have used 1.4 fold as 553	
the cutoff line, rather than 2 fold chosen by the other two groups (17, 29, 30), when 554	
comparing the WT and Eklf-/- expression profiles. This lower cutoff line may have allowed 555	
us to find more candidate targets that display subtle expression differences but have 556	
prominent functional significance. As expected, use of a higher cut-off line, i.e. 2-fold 557	
instead of 1.4 fold, for analysis of our ChIP-Chip and microarray data decreased the 558	
overlap between our list of direct target genes of EKLF and those derived from the other 2 559	
studies (Supplementary Fig. S7B).  560	

One surprising outcome of our genome-wide study is the existence of a positive 561	
feedback loop between the two well-known erythroid-enriched transcription factors, 562	
EKLF and TAL1, in early erythroid differentiation. Both factors very likely promote the 563	
transition from pro-erythroblasts (Pro-E) to basophilic erythroblasts (Baso-E), as initially 564	
suggested by the fact that genetic ablation of either gene in mice causes loss of erythroid 565	
cell types beyond the stage of Baso-E (15, 34). Later studies including the use of whole 566	
genome ChIP-Seq have further supported Eklf being a downstream target of TAL1 (39, 567	
40). By loss-of-function analysis, we show that EKLF also positively regulates the 568	
expression of Tal1 during erythroid differentiation (Fig. 3). In particular, induced 569	
depletion of Eklf drastically lowers the expression level of Tal1 in DMSO-induced MEL 570	
cells (Fig 3C). The combined data from the ChIP-chip, genomic footprinting, and 571	
transient reporter assays further indicate that EKLF activates Tal1 gene transcription 572	
through binding to the proximal CACCC box in the newly identified Tal1 promoter (Figs. 573	
4 and 5). Consistent with this scenario of mutual activations of Tal1 and Eklf, the mRNAs 574	
of Tal1 and Eklf are both progressively up-regulated during erythroid differentiation of the 575	
primary mouse fetal liver cells (57). Thus, our finding of the positive regulation of Tal1 576	
gene by EKLF demonstrates the existence of a Tal1-Eklf positive feedback loop that 577	
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promotes the mammalian erythroid differentiation in a tightly regulated time window, 578	
from the transition of Pro-E to Baso-E of the erythroid lineage. 579	

We propose the following scenario for the mutual activation of Tal1 and Eklf, and the 580	
functional consequences of this positive feedback loop during erythroid differentiation. 581	
TAL1 is a predominant transcriptional factor responsible for the origin of the definitive 582	
hematopoietic stem cells as well as the differentiation of the erythroid/ megakaryocytic 583	
lineages. Its expression pattern spans the HSC cells, the subsequent multipotent 584	
progenitors, as well as the erythroid/ megakaryocytic lineages (58). On the other hand, 585	
EKLF is expressed in the erythroid cells, megakaryotes, hematopoietic stem cells (HSC), 586	
as well as in hematoprogenitors including MEP, GMP, and CMP (6, 59, Bio GPS). In the 587	
erythroid lineage at the BFU-E/CFU-E/Pro-E stages, the two factors are already expressed 588	
at basal levels. EKLF is retained by FOE in the cytosol (26), while TAL1 protein 589	
positively regulates the expression of Eklf, as suggested by the previous reporter assay (41) 590	
and ChIP-Seq data of TAL1 binding on the Eklf promoter in BFU-E/CFU-E/Pro-E (39, 591	
40). When the cells enter the Baso-E stage, EKLF protein is released from its physical 592	
interaction with FOE in the cytoplasm and imported into the nucleus (26). The imported 593	
EKLF binds to the E3 box of the Tal1 promoter to enhance the promoter activity of Tal1 594	
(Fig. 5 and 6). This positive feedback loop would rapidly amplify both factors during 595	
erythroid terminal differentiation. As a result, the EKLF-mediated activation of Tal1 may 596	
act as a valve that facilitates the commitment of the erythroid lineage from MEP through 597	
promoting the differentiation transition from Pro-E to Baso-E, thus sustaining the process 598	
after Baso-E. Furthermore, there is a high frequency of co-occupancy of EKLF and TAL1 599	
in a number of promoters that are active in erythroid cell lines or erythroid tissues (Table 600	
4; 28-30). Thus, the Eklf/Tal1 loop would irreversibly promote erythroid terminal 601	
differentiation through the up-regulation of not only Eklf and Tal1, but also their mutual 602	
downstream targets that are crucial for erythroid differentiation, such as Hba, Hbb, E2f2, 603	
Gypa, Epb4.1,and Alas2, among others. For the latter process, the EKLF and TAL1 604	
proteins may work within the same transcriptional complex(es) which binds to the 605	
composite CACCC box-E box in the promoters of these downstream targets (51). 606	
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In sum, positive feedback loops of transcriptional regulation are essential for the 607	
progression of different physiological processes, as shown previously for c-kit with Tal1 608	
in the survival and clonal expansion of the progenitor hematopoietic cells (60), early B 609	
cell factor (EBF) with MyoD in the commitment and differentiation of Xenopus muscle 610	
cells (61), and c-Myc with Sox2 in the self-renewal of mouse multipotent otic progenitor 611	
cells (62), etc. In comparison to the above cases, the cooperation between EKLF and 612	
TAL1 in the promotion of erythroid differentiation provides an unique case for ensuring 613	
the commitment to erythroid differentiation among the multiple lineages of the 614	
hematopoietic system. 615	

616	
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Figure 1. Identification of EKLF target genes by global gene expression profiling  640	
(A) Left panels, representative appearance of E14.5 embryos of wild-type and 641	
Eklf−/−mice. Right panels, Western blotting patterns of EKLF protein in E14.5 642	
fetal lives. Actin was used as the gel loading control. (B) Scatter plot comparing 643	
the gene expression profiles of E14.5 fetal liver cells of WT and Eklf-/- mice by 644	
Affymatrix array hybridization. Each gene on the arrays is displayed as a single 645	
dot on a logarithmic (log2) graph. The genes up-regulated and down-regulated 646	
by EKLF are indicated by the red and blue dots, respectively. (C) Overview of 647	
the workflow of ChIP-chip and microarray expression profiling. The flow chart 648	
illustrates the procedures used for analysis of the NimbleGen promoter 649	
ChIP-chip data and Affymatrix differential expression profiling data. The 650	
number of genes (SEQ_ID or Probe_Set) after data processing at each step is 651	
indicated in parentheses. (D) The Venn diagram showing the overlapping 652	
between gene sets derived from the microarray hybridization analysis (6,975 653	
genes) and ChIP-chip analysis (4,578 genes), respectively, of E14.5 fetal liver 654	
cells of WT and Eklf−/−mice. 655	

 656	
Figure 2. Chromosome distribution patterns from global analysis of direct target 657	

genes of EKLF in E14.5 fetal liver cells 658	
(A) The numbers of the putative EKLF-bound promoters on the different 659	
mouse chromosomes. (B) The percentages of promoters of the individual 660	
mouse chromosomes bound with EKLF. (C) and (D) Distributions of the 661	
distances between the binding motif of TAL1 (C) or GATA1 (D) and that of 662	
EKLF on the mouse genome in E14.5 fetal liver cells. Upstream locations are 663	
indicated by the “-” sign, while the downstream locations are indicated by the 664	
“+” sign. 665	
 666	

Figure 3. Tal1 as a direct target gene of EKLF 667	
(A) Left, bar diagram of the relative mRNA levels of Tal1, Eklf and βmaj in 668	
E14.5 fetal liver cells of the WT and Eklf-/- (KO) mice, as analyzed by RT-qPCR. 669	

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 8, 2021. ; https://doi.org/10.1101/2021.04.08.439008doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.08.439008


28	
	

*** p < 0.001 by t test. Error bars, S.E.M. Middle panels and right histobar 670	
diagram, Western blotting analysis of TAL1 and EKLF in E14.5 fetal livers of 671	
WT and Eklf-/- (KO) mice. Tubulin was used as the loading control. *** p < 672	
0.001 by t test. Error bars, STD. (B) Top, expression levels of Tal1 and bmaj in 673	
MEL cells without or with DMSO induction for 72 hr. The gel patterns of the 674	
semi-quantitative RT-PCR bands are shown on the left, and the histographs of 675	
the statistical analysis of the data are shown on the right. * p< 0.05, ** p < 0.01, 676	
and ***p<0.001 by t test. Error bars, S.D. Bottom, Western blotting analysis of 677	
the levels of TAL1 protein in MEL cells during DMSO-induced differentiation. 678	
Tubulin was used as the loading control. The statistical analysis of the data is 679	
shown in the bar diagrams on the right. ** p < 0.01 by t test. Error bars, S.D. (C) 680	
Analysis of gene expression in 4D7 and 2M12 cells without and with 681	
doxycycline (Dox)-induced expression of Eklf shRNA. The cells without or 682	
with induction by DMSO for 48 hr were treated with doxycycline. The levels of 683	
EKLF protein in the whole cell extracts were then analyzed by Western blotting, 684	
as exemplified in the upper right panels. Tubulin was used as the loading 685	
control. RT-PCR analysis showed that knockdown of EKLF reduced the levels 686	
of total Tal1 mRNA and bmaj mRNA in DMSO-induced cells, as exemplified 687	
in the upper left panels and statistically analyzed in the two histobar diagrams 688	
below. The gel band signals were all normalized to that of actin. * p< 0.05, ** p 689	
< 0.01, and ***p<0.001 by student t test. Error bars, S.D.  690	
 691	
Figure 4. Identification and characterizaton of the authentic exon-1 and 692	

promoter of Tal1 gene 693	
(A) ChIP-chip promoter array data around the Tal1 gene region. The black bars 694	
indicate the signals from the individual probes (“Binding Signals”). The blue 695	
regions I and II indicate the EKLF-binding signals from ChIP-chip promoter 696	
array analysis of two different mouse E14.5 fetal liver samples (“Binding 697	
Peaks”). The yellow region indicates the sequence id (SEQ_ID). (B) RT-PCR 698	
validation of the newly identified exon 1 of Tal1 mRNA. Top, maps of the 699	
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newly identified exon structure of Tal1 mRNA in comparison to that of Tal1 700	
isoform A. The exons 1-5 are represented by the black boxes. Middle, maps of 701	
the exon-1 of Tal mRNA and Tal1 isoform A, respectively, are shown above the 702	
primers used for RT-PCR analysis of the Tal1 mRNA. The sequences of the 703	
reverse primers AR-1 and AR-2 are derived from the exon 1 of Tal1 isoform A. 704	
AR-3 is derived from exon 2 sequence. The reverse prime AR-4 is across exons 705	
1 and 2. The sequences of the forward primers PF-1 and PF-2 are from the 706	
predicted new exon-1, while PF-3 is from the upstream region. Bottom, gel 707	
band patterns of RT-PCR analysis of DMSO-indeed MEL cell RNAs using 708	
different sets of PCR primers. (C) ChIP-qPCR analysis of EKLF-binding to the 709	
Tal1 promoter. The map of the Tal1 promoter region is shown on the left, with 710	
the CACCC boxes (E1, E2, E3), CCAAT boxes (C1, C2), the TATA box and 711	
the transcription start site (TSS, +1) indicated. The 4 regions (a, b, c and d) are 712	
bracketed by the 4 primer sets used in qPCR analysis of chromatin from 713	
DMSO-induced MEL cells immunoprecipitated with anti-EKLF. The relative 714	
folds of enrichment of the chromatin DNA samples pulled down by anti-EKLF 715	
are calculated as the Cq values over those derived from use of the IgG and 716	
shown in the right histograph. Error bars represent standard deviations from 717	
3~7 biological repeats. The statistical significance of the difference between 718	
experimental and control groups was determined by the two-tailed 719	
Student t test, * p< 0.05.	720	

         721	

Figure 5. Genomic footprinting analysis of the promoter of Tal1 gene in MEL cells 722	
        (A) The protected bases (�) and hyper-reactive bases (�) of the Tal1 promoter 723	

region in MEL cells after DMSO induction, as deduced from the in vivo DMS 724	
footprinting analysis, are labeled on the DNA sequence. The footprinting 725	
pattern indicates the binding of EKLF on the E3 box. (B) The representative 726	
autoradiographs of the analysis of the upper strand of the Tal1 promoter region 727	
by in vivo DMS protection and LMPCR assay are shown. Locations of 728	
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different factor- binding motifs/ boxes, i.e., E1, E2, E3, CCAAT, ATAAA, are 729	
indicated on the right of the gel patterns. Numbers on the left correlate with 730	
those indicated on the sequence in (A). The patterns in the N and INV lanes are 731	
the results from in vitro and in vivo DMS cleavages, respectively. Only those 732	
residues consistently showing differences from the controls are indicated. The 733	
sizes of the circles reflect the different extents of protection or enhancement of 734	
DMS cleavage in vivo vs. in vitro. 735	

 736	

Figure 6. Transactivation of Tal1 promoter by EKLF 737	

(A) Linear maps of the wild type and three mutant fragments, in which the CACCC 738	
box E1, E2, or E3 was mutated, used for construction of the reporter plasmids 739	
pTal1-Luc, pTal1(Mut E1)-Luc, pTal1(Mut E2)-Luc and pTal1(Mut E3)-Luc, 740	
respectively. (B) Luciferase reporter assay of the Tal1 promoter in 293 cells. The 741	
dose-dependence of the luciferase (Luc) activity on the amount (µg) of 742	
pFlag-EKLF used in co-transfection is shown in the bar diagram. *p<0.05, *** 743	
p<0.001 by t test. Error bars: STD. The elevated levels of the exogenous 744	
Flag-EKLF upon co-transfection with increased amounts of the pFlag-EKLF 745	
plasmid were validated by immunoblotting. 746	
 747	

FIGURE LEGENDS-S 748	
 749	
 750	
Figure S1. Associated functional networks of up-regulated EKLF targets in E14.5 751	

fetal liver cells.  752	
IPA was performed on the data from comparing EKLF promoter ChIP-chip 753	
and microarray data from wild-type and Eklf-/- E14.5 fetal liver cells, using 754	
710 up-regulated EKLF target genes as the focus gene set. The 755	
highest-scoring network was (A) lipid metabolism, molecular transport, small 756	
molecule biochemistry and cellular development, cellular growth and 757	
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proliferation with the significance score 34. The secondary network was (B) 758	
hematological system development and function were eligible (score 26). 759	
Arrows and lines denote interactions between specific genes within the 760	
network. Solid lines indicate direct relationships, and dashed lines indicate 761	
indirect relationships. 762	
 763	

Figure S2. Associated functional networks of down-regulated EKLF targets in E14.5 764	
fetal liver cells.  765	
IPA was performed on the data from comparing EKLF promoter ChIP-chip 766	
and microarray data from wild-type and Eklf-/- E14.5 fetal liver cells, using 767	
1,156 down-regulated EKLF target genes as the focus gene set. The 768	
highest-scoring network was (A) carbohydrate metabolism, lipid metabolism, 769	
small molecule biochemistry and (B) cancer, tumor morphology, 770	
post-translational modification both have score 34. Other associated network 771	
functions include (C) developmental disorder, hereditary disorder, 772	
immunological disease; (D) endocrine system development and function, 773	
molecular transport, protein synthesis; and (E) organismal injury and 774	
abnormalities, skeletal and muscular disorders, cell death and survival. 775	
Arrows and lines denote interactions between specific genes within the 776	
network. Solid lines indicate direct relationships, and dashed lines indicate 777	
indirect relationships. 778	

 779	
Figure S3. RT-PCR validation of mouse fetal liver gene expression in KO embryos vs. 780	

WT embryos. 781	
Bar diagram of the relative mRNA levels of each candidate genes in E14.5 782	
fetal liver cells of the Eklf-/- (KO) mice and WT mice, as analyzed by 783	
semi-RT-PCR and normalized by actin. * p < 0.05, ** p < 0.01, *** p < 0.001 784	
by t test. Error bars, S.E.M. 785	

 786	
Figure S4. Validation of ChIP-chip data by ChIP-qPCR. 787	
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ChIP-Q-PCR analysis of EKLF-binding promoter regions from ChIP-chip 788	
binding peaks. The statistical analysis of the ChIP-Q-PCR data is shown in the 789	
bar diagrams. The promoter region signals were compared with IgG control. * 790	
p < 0.05, ** p < 0.01, *** p < 0.001 by t test. Error bars, S.D. 791	

 792	
Figure S5. IPA identified significant canonical pathways associated with the 793	

up-regulated EKLF targets in E14.5 fetal liver cells.  794	
The five most significant canonical pathways obtained by IPA were (A) cell 795	
cycle control of chromosomal replication; (B) EIF2 signaling; (C) 796	
mitochondrial dysfunction,; (D) hypusine biosynthesis, and (E) tryptophan 797	
degradation III (Eukaryotic). The upregulated EKLF targets are indicated in 798	
yellow.  799	

 800	
Figure S6. IPA identified significant canonical pathways associated with the 801	

down-regulated EKLF targets in E14.5 fetal liver cells.  802	
The five most significant canonical pathways obtained by IPA were (A) 803	
insulin receptor signaling; (B) chondroitin sulfate degradation (Metazoa); (C) 804	
gap junction signaling; (D) Nitric Oxide signaling in the cardiovascular 805	
system, and (E) PDGF signaling. The down-regulated EKLF targets are 806	
indicated in yellow. 807	

 808	
Figure S7. Three-way Venn diagrams displaying the overlap of direct targets of 809	

EKLF as derived from Tallack et al. (28), Pilon et al. (29), and the current 810	
study. 811	

         (A) Diagram with cut-off line of 1.4 fold 812	
         (B) Diagram with cut-off line of 2.0 fold  813	

814	
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Fig. 1. Identification of EKLF target genes by global gene expression profiling
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A

Fig. 2. Global analysis of direct target gene promoters of EKLF in E14.5 fetal liver 
cells
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Fig. 3. Tal-1 as a direct target gene of EKLF
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Fig. 4. Identification and characterization of the authentic exon-1 and upstream of  
Tal1 gene promoter
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Fig. 5. Genomic footprinting analysis of the promoter of Tal1 gene in MEL cells
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Fig. 6. Transactivation of Tal1 promoter by Flag-EKLF in 293T cells.
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