
SYSTEMATIC RNAi STUDIES ON THE ROLE OF Sp/KLF FACTORS
IN GLOBIN GENE EXPRESSION AND ERYTHROID
DIFFERENTIATION

Jie Hong Hu, Patrick Navas, Hua Cao, George Stamatoyannopoulos, and Chao-Zhong
Song*
Division of Medical Genetics, Department of Medicine, University of Washington, Seattle, 1705 NE
Pacific Street, Seattle, Washington 98195

Summary
Sp/KLF family of factors regulates gene expression by binding to the CACCC/GC/GT boxes in the
DNA through their highly conserved three zinc finger domains. To investigate the role of this family
of factors in erythroid differentiation and globin gene expression, we first measured the expression
levels of selected Sp/KLF factors in primary cells of fetal and adult stages of erythroid development.
This quantitative analysis revealed that their expression levels vary significantly in cells of either
stages of the erythroid development. Significant difference in their expression levels was observed
between fetal and adult erythroid cells for some Sp/KLF factors. Functional studies using RNA
interference revealed that the silencing of Sp1 and KLF8 resulted in elevated level of γ globin
expression in K562 cells. In addition, K562 cells become visibly red after Sp1 knockdown. Benzidine
staining revealed significant hemoglobinization of these cells, indicating erythroid differentiation.
Moreover, the expression of PU.1, ETS1 and Notch1 is significantly down-regulated in the cells that
underwent erythroid differentiation following Sp1 knockdown. Overexpression of PU.1 or ETS1
efficiently blocked the erythroid differentiation caused by Sp1 knockdown in K562 cells. The
expression of c-Kit, however, was significantly upregulated. These data indicate that Sp1 may play
an important role in erythroid differentiation.
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Introduction
The Specificity protein (Sp)/Krüppel-like factor (KLF) transcription factors (Sp/KLF factors
hereafter) are a family of highly conserved transcription factors that are characterized by the
presence of three highly homologous Cys2/His2 type zinc-fingers near their C-termini. So far
9 members in the Sp subgroup and 16 members in the KLF subgroup have been identified in
mammalian cells 1. By regulating gene expression through binding to the CACCC/GC/GT
boxes (CACCC box hereafter), which is one of the most common DNA elements in the
regulatory regions of many cellular and viral genes, this family of factors regulates diverse
cellular processes including cell growth and differentiation, and is essential for early embryonic
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development 2; 3; 4; 5. Currently, however, for most of the KLF factors, their exact function
in vivo and their target-specificity remains largely unknown. This is mainly because that they
all have similar DNA binding specificity and affinity to the CACCC boxes at least under in
vitro conditions and many of them are co-expressed in the same tissues 2.

KLF1 (EKLF) is the only KLF factor that is specifically expressed in erythroid cells. KLF1
interacts with the CACCC boxes of β globin promoter and is required for β globin expression
but not for murine embryonic (Ey, βh1) and human ε and γ globin gene expression 6; 7; 8.
Currently, the roles of this family of factors in erythropoiesis are not established. We have
carried out extensive studies to identify the KLF factors that may play a role in globin
expression and erythroid differentiation. Quantitative analysis of KLF factor expression in
primary fetal and adult erythroid tissues showed that their expression levels vary significantly
in both tissues. In addition, some KLF factors are differentially expressed in a developmental
stage-specific manner. Functional studies of selected KLF factors using RNAi showed that the
silencing of Sp1 resulted in increased expression of γ globin and erythroid differentiation of
K562 cells. Furthermore, gene expression analysis revealed that the expression of c-Kit is
significantly upregulated, whereas the expression of PU.1, ETS1 and Notch1 genes is
significantly down-regulated in K562 cells that underwent erythroid differentiation following
Sp1 knockdown. The results indicate that Sp1 may negatively control erythroid differentiation.

Results
Expression of KLF factors in primary erythroid cells

The expression of KLF factors in primary erythroid cells that express γ and β globin has not
been completely analyzed. To help functional studies on the role of KLF factors in globin gene
expression, it is necessary to know the status of their expression in γ and β globin expressing
tissues. Therefore, we analyzed their expression profile in fetal and adult erythroid cells derived
from purified human fetal liver and adult peripheral blood hematopoietic stem cells and
progenitors. As shown in figure 1, this analysis revealed that most of the KLF factors are
expressed, albeit at variable levels in these cells. The general expression profile of KLF factors
in both types of cells is as following: Sp1, Sp2, Sp3, KLF1 and KLF13 are expressed at
relatively high levels; Sp4, KLF3, KLF6, KLF9, KLF10, KLF11 and KLF16 have moderate
expression levels; the expression levels of KLF2, KLF5, KLF8 and KLF15 are comparatively
low; and there are only detectable levels of KLF4, KLF7, KLF12 and KLF14. When their
expression levels in fetal and adult erythroid cells were compared, however, it was found that
there are more transcripts of Sp1, Sp2, Sp3, Sp4, KLF1, KLF3, KLF8, KLF9 and KLF13 in
adult than in fetal liver erythroid cells. In contrast, KLF2, KLF4, KLF5, KLF7, KLF10, KLF12,
KLF15 and KLF16 are expressed higher in fetal liver than in adult erythroid cells. Expression
analysis showed that the expression levels of these factors in fetal liver cells are similar to that
in K562 cells, a erythroid cell line that expresses γ globin mRNA (data not shown).

Development of a lentiviral RNAi system and a reporter system for systematic silencing of
KLF factors

We have developed a reporter system (Figure 2A) for quick identification of effective siRNAs
for gene silencing. Since the reporter and the KLF factor are transcribed as a single mRNA,
the targeting of the KLF factor by RNAi results in degradation of the entire transcript. By
transiently co-transfecting the plasmid expressing siRNA targeting a specific KLF factor and
the reporter that expresses the KLF factor bicistronically with the luciferase gene, it is possible
to determine the efficiency of a specific siRNA sequence in target gene silencing by measuring
luciferase activity. Based on the expression profile data and previous functional studies on KLF
factors using gene knockout and transgenic mice, 15 Sp/KLF factors were selected as the target
genes for functional studies using a systematic RNAi approach. These include Sp1, KLF1-8,
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KLF10, and KLF12-16. We screened 132 siRNAs using this reporter system in order to identify
effective siRNAs for the 16 selected factors. The knockdown efficiency of each individual
siRNA was measured using luciferase assay 48 hours following transient transfection. As
summarized in figure 3, the knockdown efficiency ranges from 0% to 94%.

To achieve efficient endogenous expression of siRNA in mammalian cells for studying the
role of candidate Sp/KLF factors in γ globin gene expression using RNAi, we have developed
a lentiviral vector system for efficient delivery and expression of siRNA in the cells (Figure
2B). In addition to expressing the siRNA under the human small nuclear RNA U6 promoter,
this lentiviral system also expresses GFP and Neo bicistronically, thus allowing monitoring
transduction efficiency and selecting transduced cells. siRNAs that are able to inhibit the
luciferase activity more than 70% under our reporter assay condition are selected as effective
siRNA for further endogenous gene knockdown study. The numbers of the siRNA that are
screened for each factor and their effectiveness in target reporter silencing are summarized in
figure 3. According to the results of luciferase reporter assay, some of the KLF factors are
easier to knockdown, e.g. KLF4, KLF6, KLF8, while other factors, such as KLF1, KLF2,
KLF12, KLF13, KLF15 and KLF16, are difficult to silence.

Knockdown of endogenous KLF factors in K562 cells
Effective siRNAs in the reporter assay (>70% knockdown efficiency) were used to silence
their respective endogenous genes in K562 cells. Near 100% transduction of K562 cells was
achieved under our lentiviral production and transduction conditions as judged by GFP
expression (data not shown). K562 cells were transduced with lentivirus expressing siRNA
targeting a specific factor or targeting the luciferase gene as a control. The knockdown of
endogenous Sp/KLF factors at the mRNA level is measured using semi-quantitative RT-PCR
compared to the expression level of the target gene in K562 cells following transduction with
control lentivirus expressing siRNA targeting the luciferase gene. These assays identified
siRNAs that are able to silence the expression of endogenous KLF factors (Figure 4A). The
target genes that are significantly silenced include Sp1, KLF2, KLF3, KLF4, KLF5, KLF7,
KLF8, KLF10 and KLF13. The efficiency of endogenous gene silencing ranges from around
60% up to more than 95% as quantified by densitometry (Figure 4B). Although effective in
reporter silencing, the siRNAs targeting KLF1, KLF6, KLF12, KLF14 KLF15 and KLF16
were unable to silence their respective endogenous genes.

Changes in globin gene expression following knockdown of Sp/KLF factors in K562 cells
Since K562 cells express γ globin mRNA and we are interested in the functional role of Sp/
KLF factors in γ globin expression, we next determined the effect of the knockdown of these
Sp/KLF factors on endogenous γ globin expression in K562 cells. As shown in figure 5, the
knockdown of Sp1 and KLF8 resulted in significant increase in γ globin expression in K562
cells. In contrast, no significant change in γ globin expression was observed after the
knockdown of KLF2, KLF3, KLF4, KLF5, KLF7, KLF10 and KLF13 (data not shown). RNase
protection analysis (Figure 5A) and quantification using PhosphoImage and ImageQuant
software showed that γ globin expression increased 6.8 fold and 4.3 fold following Sp1 and
KLF8 knockdown, respectively (Figure 5B).

Although it was reported that β globin is not detectable in K562 cells by Northern blot analysis
9, a very low level of β globin mRNA was detected in K562 cells using RT-PCR. Therefore,
we also examined the changes of β globin expression in K562 cells following the knockdown
of the KLF factors. The knockdown of Sp1, KLF3, KLF4 and KLF7 resulted in significant
increases of β globin in K562 cells, although the level of β globin is still very low compared
with that of γ globin (data not shown). The strongest up-regulation of β globin expression is
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observed when KLF7 is silenced (data not shown). Furthermore, the expression of α globin
was also increased in Sp1 knockdown cells (Figure 7).

Erythroid differentiation of K562 cells following the Sp1 knockdown
Sp1 transcript levels were reduced to about 30% (Figure 4B) as quantified by densitometer of
semi-quantitative RT-PCR results (Figure 4A). The knockdown of Sp1 protein was confirmed
using Western blot analysis (Figure 6A). Visual inspection found that K562 cell pellet turned
into red color starting around 10 days post lentiviral delivery of Sp1 siRNA, indicating
erythroid differentiation of K562 cells following Sp1 knockdown (Figure 6B). The red color
intensity increases at 2–3 weeks after transduction with lentiviruses expressing Sp1 siRNAs.
The use of two siRNAs targeting different regions of Sp1 with different silencing efficiency
demonstrated that redness of the cells correlates with the degree of Sp1 knockdown by RNAi.
To further establish that the knockdown of Sp1 resulted in erythroid differentiation of K562
cells, we next carried out benzidine staining of the cells. This assay showed that 29% and 16%
of the cells were benzidine positive following transduction with lentiviruses expressing Sp1
siRNA-1 and Sp1 siRNA-2 respectively, demonstrating significant hemoglobinization of the
cells when Sp1 is silenced (Figure 6C). Similar to the redness of the cells, the numbers of the
benzidine staining positive cells also correlate with the degree of Sp1 knockdown in these cells.
The knockdown of KLF2, KLF3, KLF4, KLF5, KLF7, KLF10 and KLF13 showed no changes
in either γ globin expression or cell phenotype. In addition, although the knockdown of KLF8
also resulted in changes in γ globin gene expression in K562 cells, no erythroid differentiation
is observed (data not shown), indicating a specific role of Sp1 in regulation of erythroid
differentiation of K562 cells.

Changes in the expression of key factors of erythroid differentiation following Sp1
knockdown

The results that Sp1 knockdown resulted in a significant increase in the globin expression and
hemoglobinization suggest that Sp1 may play an inhibitory role in erythroid differentiation of
the cells. Sp1 is expressed at relatively high levels in fetal and adult erythroid cells (Figure 1),
and K562 cells (data not shown) comparing with other Sp/KLF factors. A number of factors
have been shown to play a key role in regulating erythroid differentiation. To help understand
the molecular basis of Sp1 inhibition of erythroid differentiation, we next examined the
expression of several of these factors in K562 cells that underwent erythroid differentiation
following Sp1 knockdown. These analyses showed that expression levels of Notch1, PU.1 and
ETS1 are significantly reduced, while c-Kit is significantly increased and NF-E2 is marginally
increased when Sp1 is silenced in K562 cells (Figure 7). We next examined whether the down-
regulation of ETS1 and PU.1 is required for Sp1 knockdown induced-erythroid differentiation.
K562 cells were first transduced with lentiviruses that express ETS1 or PU.1. Then these cells
were transduced with lentiviruses that express Sp1 siRNA. These studies showed that
overexpression of these two factors efficiently blocked the Sp1 knockdown-induced erythroid
differentiation (Figure 8).

Discussion
The efficient silencing of target genes by RNAi in mammalian cells relies on the identification
of effective siRNA. As it is difficult to predict which siRNA will be effective in target gene
silencing, several siRNAs per target have to be screened for effectiveness in specific target
gene silencing. It is very time consuming to screen a large number of siRNAs for effectiveness
in silencing endogenous genes directly since this requires establishing stable cell lines or
generating lentiviruses for each siRNA. By overcoming this rate-limiting step, the reporter
system that we have developed will make it possible to identify effective siRNAs quickly and
easily. Out of the 132 siRNAs that we have tested, 44 are effective in reporter silencing. Our
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studies found that the efficiency of silencing the reporter gene correlates with that of the
endogenous KLF gene (data not shown). Therefore, this reporter system allows quick selection
of effective siRNAs using transient transfection assay. However, it is also found that although
very effective in gene silencing under reporter assay conditions, some siRNAs showed no or
minimal activity in silencing their respective endogenous gene expression. For example,
effective siRNAs are identified for KLF6 and KLF14 at a relatively high ratio using the reporter
system. Nevertheless, all of them failed to silence their endogenous target gene expression to
significant levels. This discrepancy may be due to that the secondary structure of endogenous
transcripts may differ from that of the reporter, thus preventing siRNA from accessing its
endogenous targets. The structure of the mRNA has been shown to significantly influence the
effectiveness of siRNA 10. This may also be because the differences in assay conditions. For
example, the reporter assay used a target to siRNA ratio of 1 to 20. The expression levels of
siRNA may not be sufficient for endogenous target silencing since the copy numbers of
lentivirus in the transduced cells is generally low.

Sp/KLF factors bind to similar GC/CACCC boxes on DNA. How they regulate tissue- and
developmental stage-specific expression of globin genes is of great interest and is under
extensive investigations. Our functional studies using systematic RNAi revealed that once
KLF8 is silenced, the expression of γ globin is elevated. It has been reported that KLF8 inhibits
γ globin promoter activity through the CACCC box using a transient transfection assay 11.
KLF8 has been shown to repress transcription by binding the CACCC box in association with
the transcription repressor CtBP 12. Together with our results using RNAi, it is suggested the
KLF8 may play a negative role in γ globin expression. No changes in γ globin expression and
cell functions are observed following the knockdown of KLF2, KLF3, KLF4, KLF5, KLF7,
KLF10 and KLF13 in K562 cells. Our RNAi studies in K562 cells together with the studies
using KLF2 knockout mice carrying a human β globin transgene 13 suggest that KLF2 is not
required for γ globin expression. The expression level of KLF13 is relatively high in both
primary fetal and adult erythroid cells (Figure 1). KLF13 was cloned as a candidate trans-
activator of γ globin expression 14. KLF13 activates γ globin promoter activity under transient
transfection assays 14; 15. However, no change in endogenous γ globin gene expression was
observed when KLF13 was silenced in K562 cells using RNAi. This result demonstrated that
KLF13 is not required for endogenous γ globin gene expression in K562 cells.

Our quantitative real time RT-PCR analysis showed the expression levels of selected Sp factors
and all KLF factors in primary human fetal and adult erythroid cells. The expression level of
KLF1 is the highest of all the family members analyzed. In addition, KLF1 expression in adult
erythroid cells is higher than that in the fetal cells. This is consistent with the fact that KLF1
is a erythroid specific factor and it is specifically required for adult β globin gene expression
16. Sp1 is expressed at relatively high levels in both fetal and adult erythroid cells (Figure 1).
Sp1 is also expressed at similarly high levels in K562 cells (data not shown). The knockdown
of Sp1 in K562 cells resulted in erythroid differentiation since the cells become red in color,
benzidine staining positive and showed significant increases in the expression of both α and
β chains (Figure 5 and Figure 7).

Currently several approaches that are both complimentary and redundant have been considered
as standard practice in functional studies using RNAi to rule out the possibility of off-target
and side effects of RNAi. These include BLAST analysis, the use of control siRNA, the use
of two or more siRNAs targeting different regions of the same gene and overexpression rescue.
We have taken the following steps to establish that the change in the erythroid differentiation
of K562 cells is due to specific silencing of Sp1 rather than the consequence of off-target
silencing of other genes or side effects. First, a BLAST analysis against the sequence database
showed that the Sp1 siRNA sequences are specific to Sp1. This significantly eliminated the
possibility of potential off-target silencing of unintended targeted genes. Secondly, Luciferase
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control siRNA was included in all RNAi experiments to rule out the possibility that the
phenotype is caused by other experimental procedures such as viral infection instead of by the
silencing of Sp1. We chose the siRNAs targeting the firefly luciferase as our control. Since the
siRNA targeting the luciferase has been validated against its target 17, it can efficiently enter
the RNAi pathway but would not be expected to affect cellular gene expression in mammalian
cells. Therefore, it serves as a better control than scrambled siRNAs, which may not have the
biological activity and may not enter the RISC complex. Thirdly, a second siRNA from a
different region of the Sp1 was used to confirm the phenotype. Since it is extremely unlikely
that different RNAi triggers produce the same off-target effect, the same results from two
independent siRNAs targeting different regions in Sp1 provided strong evidence that the
phenotype is caused by specific silencing of Sp1. Moreover, the second siRNA (Sp1 RNAi-2)
is less potent than the first siRNA (Sp1 RNAi-1) in Sp1 knockdown. The degree of Sp1
knockdown correlated with the degree of hemoglobinization (figure 6C). This does-response
relationship provided strong supports for our conclusion that the reduced level of Sp1 by RNAi
is the cause of erythroid differentiation of K562 cells. Therefore, we concluded that the
erythroid differentiation of K562 cells following Sp1 knockdown is not a result of off-target
effect or side effects.

A number of factors have been shown to play a key role in regulation of erythroid
differentiation. In mouse and human erythroleukemia cell culture or in primary human
erythroblasts, the expression levels of ETS1 and PU.1, and the DNA binding activity of ETS1
are down-regulated during erythroid differentiation 18; 19. PU.1 transgenic mice were reported
to develop erythroleukemia 20. PU.1 interacts with GATA1 and inhibits GATA1 function at
multiple levels including DNA binding and transcription activity 21; 22; 23 It has been reported
that the balance between the activity of GATA1 and GATA2 regulates erythroid differentiation
and this balance is determined by the function of transcription factors PU.1 and Notch1 23;
24; 25. The receptor tyrosine kinase, c-kit plays important roles in hematopoiesis. The
expression of c-Kit has been reported to be regulated by Sp1 26; 27. C-kit expression increased
during early erythroid differentiation 28. NFE2 is a hematopoietic-specific activator and is
implicated in the control of α and β globin expression 29; 30. The expression levels of NFE2
increased along erythroid differentiation of K562 cells 31; 32. In addition, NFE2 has been
found to be sumoylated in K562 cells and mouse fetal liver; and this sumoylation of NFE2 is
believed to activate β globin gene 33.

To understand the mechanisms underlying the Sp1 knockdown-induced erythroid
differentiation, we examined the expression levels of c-Kit, PU.1, ETS1, Notch1 and NFE2 in
K562 cells transduced with lentiviruses expressing Sp1 siRNA or control luciferase siRNA.
This analysis found that the knockdown of Sp1 in K562 cells resulted in a significant decrease
in ETS1, Notch1 and PU.1 expression and a significant increase in c-Kit expression (Figure
7). A slight increase in NFE2 expression was also observed (Figure 7). In addition,
overexpression of ETS1, Notch1 and PU.1 was reported to interfere with or block erythroid
differentiation in mouse and human erythroleukemia cells 18; 19; 23; 24. Therefore, we also
examined whether the overexpression of ETS1 or PU.1 can also block Sp1 knockdown-induced
erythroid differentiation of K562 cells. K562 cells were first transduced with lentiviruses that
express ETS1 or PU.1. Then these cells were transduced with lentiviruses that express Sp1
siRNA. These studies showed that overexpression of these two factors efficiently blocked the
Sp1 knockdown-induced erythroid differentiation (Figure 8). These results reveal a functional
interaction between Sp1 and ETS1 or PU.1, and the down-regulation of ETS1 and PU.1 is
required for the erythroid differentiation following Sp1 knockdown. At present, it remains to
be determined whether these factors are direct targets of Sp1 regulation or the changes in their
expression levels is merely a consequence of the erythroid differentiation resulted from Sp1
knockdown.
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It has been reported by several previous studies that Erk and p38 MAPK signaling pathways
play a role in globin expression and in erythroid cell differentiation 34; 35; 36. Therefore, we
also examined whether PI3K, Erk and p38 MAPK signaling pathways are involved in the
changes of globin expression and erythroid differentiation following Sp1 knockdown in K562
cells. Western blot analysis using antibodies against non-phosphorylated and phosphorylated
forms of these proteins revealed no changes in the expression levels and phosphorylation status
of PI3K, Erk and p38 in K562 cells that underwent erythroid differentiation following Sp1
knockdown (data not shown).

Materials and Methods
Profiling of KLF factor expression in primary erythroid cells at different stages of
development

Real-time RT-PCR was carried out to measure the expression levels of KLF factors in fetal
and adult human primary erythroid cells. RNA was extracted from 6–7 day phase II culture of
purified human fetal liver and adult peripheral blood hematopoietic stem cells and progenitors
using TRIZOL reagent according to the manufacturer’s protocol (Invitrogen). The adult
peripheral blood CD34+ cells were provided by Dr. Shelly Heimfeld at the Fred Hutchinson
Cancer Research Center. The cells were provided to us anonymously and without identifiers.
All the experiments involving the use of human tissues are approved by IRB of University of
Washington. The human fetal liver hematopoietic stem cells and progenitors were isolated
from 7–16 week fetal livers. Two-phase liquid culture was done as described 37. Real-time
RT-PCR analysis was performed with SYBR green chemistry using Lightcycler (Roche
Applied Science). Two μg of RNA from each cell type were reverse transcribed with oligo
(dT)20 using standard protocol (Invitrogen). The cDNA at a concentration of 40 ng/μl was
analyzed for the expression of KLF factors using real time PCR with specific primers for each
KLF factor (primer sequences are available upon request). Standard curves for each KLF factor
were generated by amplifying 3-fold serial dilutions of known quantities of plasmid DNA or
PCR fragment of each factor. Human β-actin was used as internal control for normalization.
Hematopoietic tissues of fetal origin were obtained from the Birth defects Research Laboratory
of University of Washington. This laboratory is organized to provide fetal tissues to
investigators studying fetuses. Fetal material is obtained from induced abortions and
spontaneous abortions. Maternal consent for use of the fetal tissues for research is always
obtained. The procedures followed by the Laboratory of Human Embryology have been
reviewed and approved by the appropriate Committees of the University of Washington.

Screening for effective siRNA using a reporter system
The reporter vector for quick identification of effective siRNA was made by inserting the firefly
luciferase (Luc) gene from pGL3-Basic (Promega) into pIRESneo3 (Clontech) generating a
CMV-Luc-IRES-Neo expression plasmid (pLIN). Each target KLF cDNA was then cloned
into pLIN (replacing the Neo gene). This reporter was named pLI-KLFn, which expresses the
specific target KLF gene bicistronically with the luciferase reporter (Figure 2A). COS cells
were then co-transfected with the reporter pLI-hKLFn together with the lentiviral vector
expressing siRNA targeting the KLF factor (Figure 2B, see below for construction), at a ratio
of 1 to 20 using Fugene 6 (Roche). Luciferase assay (Promega) was carried out 48 hours after
transfection to identify effective siRNAs. Sequences of effective siRNAs are 5′-
TTGCTGCCATTGGTACTGCTGC for Sp1-1; 5′-TAGTCCTGTCAGAACTTGCTGG for
Sp1-2; 5′-TGCTTTCGGTAGTGGCGCGTGA for KLF2; 5′-
GGCCTCTTGCTTGACAGGAACTGGGTCAA for KLF3; 5′-
GCTGCGGCGGAATGTACACCGGG for KLF4; 5′-GTGCCTCTTCATATGCAGGGCC
for KLF5; 5′-GTCTCTTCATGTGGAGGGCAAG for KLF7; 5′-
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GGTGTCATGGCGACGGCGATGC for KLF8; 5′-GAACGACTGTTGTCACAACAG for
KLF10 and 5′-ACTTTGCATCAAGTTCTCTCTC for KLF13.

Construction of a lentiviral system for RNAi
The lentiviral system is the third generation of SIN (self-inactivating) virus 38. The lentiviral
vector for RNAi was constructed by inserting a U6 promoter driven siRNA expression cassette
and a CMV-GFP-IRES-NEO cassette into the lentiviral vector as shown in figure 2.

Lentiviral production and transduction of K562 cells
Lentiviral production was carried out as described 38. Briefly, Human kidney 293D cells (5 ×
106) were plated on 10 cm plates. The cells were transfected the following day with the transfer
vector expressing the specific siRNA together with packaging constructs. Culture medium was
changed 16 hours after adding DNA. Viral supernatants were collected 48 hours later after
transfection. The viral supernatant was used for transduction of K562 cells immediately or
stored at −70°C for later use. Transduction efficiency is 100% as indicated by GFP expression
48 hours post transduction.

Knockdown of endogenous Sp/KLF factors
Total RNA was isolated two weeks after lentiviral transduction of K562 cells. The expression
of the endogenous Sp/KLF factor following transduction with lentiviruses expressing KLF-
specific siRNA or luciferase control siRNA was analyzed using semi-quantitative RT-PCR.
GAPDH was used as a control for RNA quantity and quality. The knockdown of endogenous
Sp1 at the protein level was further confirmed by Western Blot analysis using anti-Sp1 antibody
(SC-420, Santa Cruz Biotechnology).

Analysis of the effect of the knockdown of a specific KLF factor on the expression of globin
and other genes

The expression levels of endogenous globin and other genes following RNAi knockdown of
a KLF factor were examined by semi-quantitative RT-PCR with rRNAs as a control for RNA
quantity and quality. One μg of total RNA was used for RNase protection analysis as described
39 with human β-actin (Ambion) as an internal control.

Benzidine staining
K562 cells were smeared on glass slides and air-dried. Then it was fixed in 100% Methanol
for 5 minutes, stained in 1% Benzidine solution for 5 minutes and followed by incubation in
30% H2O2 for 2 minutes.

Lentiviral expression of PU1 and ETS1
Lentiviral vectors expressing PU1 and ETS1 were constructed by inserting the CMV-PU1 or
ETS1-IRES-Neo cassette into the lentiviral vector described above. Then lentivirus was
produced and used to transduce K562 cells. The transduced K562 cells were selected with
G481. The overexpression of PU1 and ETS1 in K562 cells was confirmed by RT-PCR (data
not shown). PU1 or ETS1-overexpressing K562 cells were then transduced with lentiviruses
that express siRNA targeting Sp1.
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Figure 1.
KLF factor expression profile in primary human fetal and adult erythroid cells. Total RNAs
from 6–7 day phase II cultures of purified human fetal liver and adult peripheral blood
hematopoietic stem cells and progenitors were analyzed for Sp/KLF factor expression using
real-time RT-PCR. S1-S4 and K1-K16 denote Sp1-4 and KLF1-16, respectively. The
expression level of each factor is presented by copy number per 100 ng cDNA that was
transcribed by RT-PCR from total RNA. The amplification of RNAs from human fetal cells
and human adult erythroid cells is as indicated.
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Figure 2.
Lentiviral siRNA expression and reporter system. (a) Schematic presentation of the reporter
system that was used for the screening of effective siRNA targeting KLF factors. The luciferase
reporter gene and the target KLF gene were expressed bicistronically under the CMV promoter.
(b) Lentiviral vectors for siRNA expression. It expresses the siRNA under the human U6
promoter. It also expresses the GFP and Neo genes under a CMV promoter bicistronically.
Transduced cells can be monitored by GFP expression and selected by GFP sorting or G418
resistance.
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Figure 3.
Identification of effective siRNA using transient reporter assay. A total of 132 siRNAs targeting
15 Sp/KLF factors were screened for RNAi efficiency by using a reporter system that we have
developed. COS cells were transiently transfected with lentiviral vector expressing siRNA
targeting the indicated KLF factors and their corresponding reporters. Data are presented as
percentage of the control lentiviral vector. K1-K16 is abbreviation of KLF1-KLF16. Each
graph represents the efficiency of an individual siRNA, with a range of 0% to 94%.
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Figure 4.
Knockdown of Endogenous Sp/KLF factors by RNAi. (a) Endogenous knockdown of Sp/KLF
factors in K562 cells. Lentiviral vector expressing siRNA targeting Sp/KLF factors were used
to transduce K562 cells. Total RNA were isolated 2 weeks later. The expression of endogenous
Sp/KLF factors following transduction with lentiviruses expressing siRNA targeting a KLF
factor or control siRNA targeting luciferase was determined using RT-PCR with GAPDH as

Hu et al. Page 14

J Mol Biol. Author manuscript; available in PMC 2008 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



an internal control. (b) Quantification of the data shown in (a). The data are presented as the
percentage of mRNA level in cells transduced with lentiviruses expressing siRNA targeting
the KLF factor and cells transduced with lentiviruses expressing luciferase control siRNA after
normalization with the GAPDH internal control.
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Figure 5.
Changes in expression levels of γ globin following KLF factor knockdown. (a) RNase
protection analysis of γ globin expression in K562 cells following siRNA knockdown of KLF
factors. Human β-actin was used as internal control. (b) Quantification of the data in (a) using
PhosphoImage and ImageQuant software. -, C, S1, K8 and K13 denote untransduced, luciferase
control, Sp1, KLF8 and KLF13 siRNA transduced cells, respectively.
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Figure 6.
Endogenous knockdown of Sp1 in K562 cells and the phenotypic changes of the cells. (a)
Western Blot analysis using anti-Sp1 antibody showed a decrease of Sp1 protein in K562 cells
transduced with lentivirus expressing Sp1 siRNA. The decrease of Sp1 protein is comparable
to that of Sp1 transcripts as demonstrated by RT-PCR. (b) and (c) Phenotypic change of K562
cells from white to red when Sp1 is silenced. The redness is correlated with the effectiveness
of the Sp1 siRNA. Sp1 siRNA-1 is more potent than Sp1 siRNA-2 in Sp1 knockdown,
therefore, the redness of K562 cells transduced with the former are darker than that transduced
with the latter.
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Figure 7.
The expression of Key erythroid regulators and globins in K562 cells that underwent erythroid
differentiation following Sp1 knockdown. C-Kit is significantly upregulated, whereas ETS1,
Notch1 and PU.1 are significantly down-regulated. NF-E2 expression is slight upregulated.
The expression level of α globin is increased. GAPDH is the internal control of the RT-PCR.
rRNA is the control of quality and quantity of the isolated RNA. M, Marker; WK, week; C,
S1 and S2, K562 cells transduced with lentiviruses expressing siRNAs targeting luciferase
control, Sp1 siRNA-1 and Sp1 siRNA-2, respectively.
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Figure 8.
Overexpression of PU.1 or TES1 blocks Sp1 knockdown induced-erythroid differentiation of
K562 cells. K562 cells were first transduced with lentiviruses that express ETS1 or PU.1. Then
these cells were transduced with lentiviruses that express Sp1 siRNA.
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