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Introduction
Over the past decade, hematopoietic stem cell transplantation 

has become the standard treatment for many human malignancies 
including multiple myeloma and acute myeloid leukemia [1-3]. The 
success of stem cell transplantation therapy greatly relies on efficient 
expansion of hematopoietic stem cells, including umbilical cord blood 
stem cells, without loss of pluripotency [4-6]. SALL4 is a zinc-finger 
transcriptional factor that plays a critical role in the maintenance of 
stem cells pluripotency by physical and functional interaction with 
stem cell factors such as OCT4, NANOG, and SOX2 [7-10]. SALL4 
exists as two isoforms (SALL4A and SALL4B) and both isoforms are 
detected in many pluripotency loci in embryonic stem cells [11]. 
Recent studies show that infection with either SALL4A- or SALL4B-
lentivirus dramatically expand human hematopoietic stem cells 
ex vivo and enhance their ability of long-term engraftment in NOD/
SCID mice [12-14]. However, the potential risk of non-regulatable 
transgene expression and the emergence of replication-competent 
retrovirus limit its clinical application [15,16]. Recently, attempts have 
been made to deliver bioactive heterogeneous proteins into the cell 
via cell-penetrating peptides because of the safety consideration [17]. 
TAT-linked peptides facilitate their transduction into cells via lipid 
raft-dependent macropinocytosis, which has generated considerable 
interests for protein therapeutics [18-21]. 

Among SALL4 protein family, SALL4B is a more prevalent form 
in transformed cell lines, as well as in mouse stem cells. For example, 
SALL4A expression is barely detectable in Tera-1 and NT2/D1 cells 
whereas SALL4B is highly expressed in these cells [22]. Furthermore, a 
recent study has demonstrated that SALL4B can protect mice exposed to 
lethal irradiation and enhance both short-term and long-term engraftment 
of hematopoietic stem cell expansion in NOD/SCID mice [23]. 

Given the importance of SALL4B, we produced a large quantity 
of TAT-SALL4B protein through the baculovirus expression 
vector system. This expression system offers the advantage of post-
translational modifications of heterologous proteins in a manner 
similar to those observed in mammalian cells [24]. A recent study 
shows that post-translational modifications are known to be essential 
for the stability, subcellular localization, and transcriptional activities 
of SALL4B [25]. In the current study, we established a large-scale 
expression and purification system for recombinant TAT-SALL4B. We 
confirmed that the purified recombinant TAT-SALL4B was biologically 
active. Our study thus provides an excellent platform for the potential 
use of SALL4B to expand hematopoietic stem cells for future clinical 
applications.

Methods
Expression of TAT-SALL4B in Sf9 insect cells

SALL4B cDNA was cloned into pFastBac™ vector (Invitrogen) 
which contains a polyhedrin promoter for high expression of 
recombinant protein. A TAT sequence and six histidines were inserted 
in-frame in the N-terminus. Sf9 (Spodoptera frugiperda) cells were 
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cultured in Sf-900™ III SFM (Invitrogen) in 250 ml shaker flasks at 
27°C ± 0.5°C with gentle agitation. After reaching a density of 2×106 

cells/ml, Sf9 cells were infected with recombinant baculovirus carrying 
human SALL4B gene. Cells were harvested on day 3 post-infection. 
The supernatant was filtered through 0.45 µm filter and saved as a viral 
stock. Plaque assay was performed on the viral stock to determine titer. 
Cells were resuspended and lysed in 10% SDS-PAGE sample buffer. 
Equal amounts of samples were blotted with both anti-His (Santa Cruz 
Biotech) and anti-SALL4 antibodies (Abcom) as primary antibody, 
followed by the secondary antibody Ig G conjugated to alkaline 
phosphatase (Biolegend). 

Optimizing expression of TAT-SALL4B

Sf9 cells were harvested at 3-7 days post-infection and cell pellets 
were lysed and analyzed by Western blot with an antibody to SALL4 
at 1:1000 dilution. The same method was used to detect SALL4B 
expression efficiency affected by different Sf9 cell densities (3.2×104 

cells/ml-6.5×106 cells/ml, accordingly M.O.I=20-0.1) before infection.

Purification of TAT-SALL4B protein 

Recombinant TAT-SALL4B protein was purified by nickel affinity 
chromatography under a native condition. Baculovirus-infected Sf9 
cells pellets were thawed and chilled on ice and then resuspended in 
the lysis buffer containing 50 mM NaH2PO4, 500 mM NaCl, 1% CA630 
and protease inhibitor (pH 8.0). The suspension was sonicated on ice 
(20 rounds) and centrifuged at 10,000 rpm for 15 min. The supernatant 
was collected, which was then supplemented with Ni-NTA (Qiagen) 
resin slurry. The mixture was gently agitated on a rotary shaker for 
1 h. Resin was collected by centrifugation and rinsed with a washing 
buffer containing 25 mM imidazole, 50 mM NaH2PO4, and 500 mM 
NaCl (pH 8.0) until little proteins were present in the supernatant as 
determined by the Bradford assay. Proteins specifically bound to the 
resin were eluted by the washing buffer containing 250 mM imidazole. 
All the purification processes were carried out at 4°C. Fractions in all 
steps were collected and analyzed by SDS-PAGE and Western blotting 
to monitor the recovery of TAT-SALL4B. Eluted TAT-SALL4B was 
dialysis in a buffer containing 5% glycerol, 25 mM Tris, 5 mM EDTA, 
and 2 mM DTT for 16 h. The final purified recombinant protein was 
stored in -80°C for various analyses.

TAT-SALL4B protein transduction

HeLa cells were seeded in 24-well plates at a density of about 
1,000 cells/well. After overnight culture, the culture medium was 
removed and supplemented with serum-free medium for 6 h. These 
cells were then cultured in the normal medium supplemented with 
100 nM or 500 nM TAT-SALL4B protein and incubated in 37°C for 
either 1.5 h or 8 h. Control groups were supplemented with 500 nM 
BSA or the mock eluted fraction of uninfected Sf9 cells. At the end 
of culture, cells were fixed with 4% paraformaldehyde, permeabilized 
with 0.25% TritonX-100, and blocked with 5% serum for 1 h. The cells 
were then incubated with the anti-SALL4 antibody (1:800) overnight 
at 4°C and then with a Cy3-conjugated secondary antibody (Jackson 
ImmunoResearch, 1:500) for 1 h in 37°C. Cells at each step were washed 
with PBS. DNA was finally stained with Hoechst (Beyotime) for 5 min. 
HeLa cells were examined by fluorescence microscopy.

Dual luciferase reporter assay of TAT-SALL4B protein

HEK293T cells were seeded in 24-well plates at a density of 
10,000 cells/well. After overnight culture, these cells were transfected 
with plasmid constructs expressing OCT4-driven luciferase using 

Lipofectamin 2000 (Invitrogen) according to the manufacturer’s 
instruction. Renilla-luciferase expression plasmid was used for 
co-transfection for normalizing transfection efficiency. After 12 
h transfection, HEK293T cells were replaced with fresh medium 
containing different concentrations (5 nM, 10 nM, 50 nM, 100 
nM) of purified recombinant TAT-SALL4B. Control groups were 
supplemented with either 500 nM BSA or various concentrations of 
heat-inactivated SALL4B protein (50 nM and 100 nM). These cells were 
cultured for 24 h and then supplemented with an additional batch of 
recombinant TAT-SALL4B or control proteins. After other 24 h the 
luciferase activity was analyzed using a dual luciferase reporter assay kit 
according the instruction provided by the supplier (Promega).

Results
Expression of TAT-SALL4B in Sf9 insect cells

Given the importance of SALL4 in the maintenance of pluripotency 
of stem cells through regulating OCT4 expression [8], we attempted 
to obtain a large of recombinant human TAT-SALL4B that could be 
used for protein transduction. We infected Sf9 cells with recombinant 
baculovirus expressing His-TAT-SALL4B (Figure 1A). We noticed that 
morphology of Sf9 cells underwent dramatic changes after infection 
with recombinant baculoviruses. Specifically, the size of Sf9 cells greatly 
increased 72 h post-infection with the presence of vesicular bodies in 
the cytoplasm (Figure 1B). These cells started to lyse at about 120 h 
post-infection. Sf9 cells were collected and analyzed by SDS-PAGE. 
The Coomassie blue staining was not sufficient for indicating the 
presence of SALL4B. However, after affinity purification we were able 
to detect proteins that are significantly enriched by Ni resin (Figure 
1C). The enriched protein had a molecular weight of 95 kDa, which is 
the same as reported for ubiquitinated form of SALL4B [25]. We also 
noticed a band with a molecular weight of 70 kDa, which is the same 
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Figure 1: Expression and purification of TAT-SALL4B protein. (A) 
Schematic illustration of TAT-SALL4B fusion protein construct. (B) Sf9 cell 
morphology at different times post-infection. 1: uninfected Sf9 cell. 2: Sf9 cells 
at 72 h post-infection. 3: Sf9 cells at 120 h post-infection. (C) Purified TAT-
SALL4B was resolved on a 10% denaturing gel and stained with Coommasie 
brilliant blue. Lane 1: lysates of uninfected Sf9 cells. Lane 2: lysates of infected 
Sf9 cells. Lane 3: flow through fraction. Lane 4 and 5: wash fractions. Lanes 
6, 7, 8: elution fractions 1, 2, 3.  Lane 9: molecular markers. (D)  Western 
blot analysis with anti-His antibody. Lane 1: uninfected Sf9 cells. Lane 2, 3: 
Infected Sf9 cells. Lane 4: molecular markers. (E)  Western blot analysis with 
anti-SALL4 antibody. Lane 1: uninfected Sf9 cells. Lane 2: Infected Sf9 cells. 
Lane 3: molecular markers.
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as unmodified SALL4B [25]. These two bands were absent in the lanes 
of uninfected cells. Expression of SALL4B was further confirmed by 
Western blotting with antibodies to both His tag and SALL4 (Figure 
1D and 1E). 

Optimizing expression and purification of TAT-SALL4B

We noticed that the expression level of SALL4B varied greatly due 
to the cell density, as well as the length of infection. The expression 
level was highest at day 3 to 5 post infection (Figure 2A). Likewise, 
SALL4B expression was high with a seeding cell density of about 
3.2×105-6.5×105 cells/ml (Figure 2B). Because of a significant loss of 
recombinant SALL4B during purification, we also optimized the 
purification process. We investigated many different lysis methods 
and found that most of these methods caused significant loss of the 
recombinant protein. We finally settled at the purification method as 
described in the Methods that appeared to completely release SALL4B 
protein to cell lysates (Figure 2C). 

TAT-SALL4B protein transduction

Protein transduction using membrane-penetrating peptides has 
been reported [18-21]. This method holds a great promise to both 
clinical application and basic research because it is capable of efficiently 
deliver heterogeneous proteins into the cells. It is known that the 
nuclear localization relies on the presence of a nuclear localization 
signal [26-28]. As a transcription factor, SALL4B needs to localize to the 
nucleus in order to regulate expression of target genes. As the first step 
to test the biological activity of purified TAT-SALL4B, we investigated 
whether TAT-SALL4B that was directly supplemented to the culture 
medium was capable of entering into HeLa cells. Fluorescence 
microscopy showed that specific signals were present in some of the 
cells transduced with SALL4B protein. The signal intensity and the 
number of cells containing the signals were both concentration- and 
time-dependent (Figure 3). Cells transduced with mock proteins did 
not exhibit any signals after staining with the SALL4 antibody which is 
a commercially available antibody for fluorescence staining.

Regulating target gene expression by TAT-SALL4B protein

SALL4 plays a critical role in maintaining pluripotency of 
embryonic stem cells by regulating transcription of Pou5f1 which 
encodes OCT4 [8]. Unlike cobalt and nickel metals, OCT4 induction 
could be transcriptional activated by SALL4 [22]. Therefore, the activity 
of TAT-SALL4B protein could be studied in vivo by its ability to 
transactivate genes driven by the OCT4 promoter. To this end, we first 
co-transfected HEK293T cells with plasmids expressing OCT4-firefly 
luciferase reporter and renilla-luciferase and then added TAT-SALL4B 
of various concentrations to the medium of transfected cells (Figure 
4A for the treatment scheme). At the end of treatments, cells were 
collected and lysed. Equal amounts of cell lysates were analyzed for 
luciferase activities. We observed that purified TAT-SALL4B protein 
was capable of transactivating expression of firefly luciferase driven 
by the OCT4 promoter in a concentration-dependent manner (Figure 
4B). From 10 nM SALL4B treatment, we observed significant increases 
in the reporter gene expression (compared to BSA, two-tailed Student’s 
t-test, P=0.001, 0.04, 0.001, respectively). The activation of the reporter 
gene by TAT-SALL4B was specific as heat-inactivated TAT-SALL4B 
was incapable of transactivating luciferase expression.

A

B

C

1            2               3               4                5                 6

1              2                3                4                 5                6             7

1            2               3               4                5                 6                7

Figure 2: Optimizing expression and purification of TAT-SALL4B. 
Western blot analysis of expression efficiency of TAT-SALL4B protein affected 
by days of infection and initial cell density. (A) Lane1: pellets from uninfected 
Sf9 cells. Lane2-6: Sf9 cells pellet at 3-7 days post-infection. (B) Lane1-6: Sf9 
cell pellets at day 3 post-infection with different initial cell densities (3.2x104 
cells/ml, 6.5x104 cells/ml, 3.2x105 cells/ml, 6.5x105 cells/ml, 3.2x106 cells/
ml, and 6.5x106 cells/ml; M.O.I was 20, 10, 2, 1, 0.2, and 0.1, respectively). 
Lane7: pellets from uninfected Sf9 cells. (C) Lane1: precipitates of lysed 
uninfected Sf9 cells. Lane2: precipitates of lysed infected Sf9 cells. Lane3: 
lysates of uninfected Sf9 cells. Lane4: lysates of infected Sf9 cells. Lane 5: 
flow through fraction. Lane 6, 7: eluted fractions.
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Figure 3: Characterization of TAT-mediated transduction of SALL4B 
protein. HeLa cells were cultured in the medium containing 100 nM or 500 
nM of TAT-SALL4B protein and incubated in 37oC for either 1.5 h or 8 h. 
Two control groups were included and they were 500 nM BSA and the mock 
eluted fraction of uninfected Sf9 cells. After incubation, protein transduction 
was assayed by immunofluorescence staining with the anti-SALL4 antibody 
and Cy3-conjugated secondary antibody (red). Hoechst was used to stain the 
cell nuclei (blue). The merges images revealed that recombinant TAT-SALL4B 
could transduce into cells and specifically localized to the nucleus. Original 
magnification x200.
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Discussion
SALL4B is an important stem cell transcription factor, which has 

an essential impact on the self-renewal of hematopoietic stem cell [29]. 
Several other investigations have been focused on expressing SALL4B 
protein. In the current study, we primarily used a eukaryotic expression 
system (baculoviral expression system) whereas Liao et al. [12] used the 
prokaryotic (E. coli) expression system. SALL4B expressed by E. coli is 
largely insoluble (inclusion body). In our system, SALL4B is soluble and 
in a native confirmation when purified through nickel resin. Compared 
to Liao et al. [23] we elaborated the expression and purification process 
in detail. Furthermore, we have optimized the system to obscure 

maximum yield of the recombinant TAT-SALL4B. The fluorescence 
staining results showed that recombinant TAT-SALL4B protein we 
produced could enter the cells and specifically localize to the nucleus. 
As SALL4B’s concentration or the time of treatment increases, the 
fluorescence signal intensity and the total number of cells containing 
the signals both increased. The dual luciferase reporter assay revealed 
that the purified TAT-SALL4B protein is capable of activating target 
gene expression in vivo. We further analyzed expression of Nanog 
in the transfected cells and did not see a significant change of its 
expression. We did not observe the modulation of endogenous SALL4 
either. This might be because the percentage of cells transduced with 
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Figure 4: TAT-SALL4B was transcriptionally active in vivo. (A) Schematic diagram of experimental procedures. (B) After HEK293T cells were transfected with 
OCT4-driven luciferase and Renilla-luciferase expression plasmids, cells were cultured in the medium containing different concentrations (5, 10, 50, 100, 500 nM) of 
purified recombinant TAT-SALL4B for 48 h. Control groups were supplemented with either BSA or various concentrations of heat-inactivated SALL4B (50, 100 nM).  
After incubation, cell lysates were prepared and assayed for firefly and renilla luciferase activities. Firefly luciferase activity was normalized to renilla luciferase activity 
and the activity of the control group supplemented with BSA was set as 1.0. Bars represent the mean of 3 replicates with standard derivation. The symbol ** means P 
< 0.01 and * means P < 0.05 as determined by two-tailed Student’s t-test. The data were representative of two independent experiments.
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SALL4B recombinant protein remained low. However, our study 
provides proof-of-concept evidence that nuclear transcription factors 
can be delivered to the cell, altering gene expression. This is of great 
significance because of the following reasons. (1) This approach does 
not perturb the genome, thus causing no genomic instability. (2) SALL4 
is an important regulator of OCT4, the latter is known as the master 
regulator of stem cell self-renewal and expansion. It is conceivable 
that OCT4 gene expression can be manipulated through the use of 
TAT-SALL4B. (3) More importantly, TAT-SALL4B can be used for 
ex vivo hematopoietic stem cell expansion. These expanded cells will 
be valuable for the treatment of various hematopoietic diseases in the 
clinics. 
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