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Abstract
The most frequent MLL-gene rearrangement found in leukemia is a reciprocal translocation with
AF4 on chromosome 4 resulting in the formation of the MLL-AF4 and the AF4-MLL fusion genes.
The oncogenic role of MLL-AF4 is documented but the significance of the reciprocal product -
AF4-MLL in leukemia is less clear. In the human leukemia cell lines – RS4;11 and SEMK2-M1,
both of which express MLL-AF4 and AF4-MLL, we knocked down the expression of AF4-MLL
using siRNA. Loss of AF4-MLL had no effect on the growth of either RS4;11 or SEMK2-M1
cells. Furthermore, in SEMK2-M1 cells there were no changes in cell cycle or apoptosis with loss
of AF4-MLL. In contrast, knockdown of MLL-AF4 significantly inhibited growth of both RS4;11
and SEMK2-M1. Additionally, in SEMK2-M1 cells, loss of MLL-AF4 led to G2/M cell cycle
arrest and increased apoptosis. Overall, these results demonstrate that in t(4;11) leukemia, the
MLL-AF4 fusion protein is critical for leukemia cell proliferation and survival while the AF4-
MLL fusion product is dispensable.
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Introduction
The MLL gene on chromosome 11q23 is rearranged most often in infant leukemia and in
secondary leukemia. The most common rearrangement is a reciprocal translocation between
MLL and a partner gene resulting in the formation of a fusion gene composed of the amino
terminus domains of MLL and carboxy terminus domains of the partner gene. More than 70
genes have been identified as participating in translocations with MLL in leukemia, although
the most commonly encountered partners are AF4, AF9 and ENL(1). The normal MLL
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protein is composed of 3969 amino acids and undergoes proteolysis by Taspase1 to yield
two fragments that dimerize to form the functional unit(2). MLL is required for normal
hematopoiesis and for the expression of the 5′ HOX-A genes (HOXA5, HOXA7, HOXA9,
HOXA10)(3–4). Transcriptional activation of the HOX gene cluster is principally mediated
by the SET domain of MLL, located at the carboxy terminus(5). In leukemia-associated
translocations, the der11 product composed of the amino terminus of MLL is expressed
universally while the reciprocal product [e.g. der4 in the case of t(4;11)] containing the
carboxy terminus (and the SET domain) is not detected in up to 20% of the cases(6). Several
experimental models of MLL-rearranged leukemia have been described using various fusion
partners, utilizing either retroviral expression or transgenic knock-in methods(7–10). In all
these models, expression of the der11 MLL-fusion gene induces growth deregulation in
hematopoietic cells and majority of them lead to leukemia development in mice. These
results suggest that the reciprocal fusion, composed of the carboxy terminus of MLL is not
required for the pathogenesis of leukemia. On the other hand, all the above experimental
models suffer from a long latency in the complete transformation to leukemia, suggesting
that the der11 MLL-fusion by itself is insufficient for transformation and that additional
factors are required. It is thus possible that the reciprocal fusion might be the missing factor
that is required in the rapid transformation seen in leukemia patients. Recent studies suggest
that leukemia may be initiated by retroviral expression in mouse hematopoietic cells of the
reciprocal MLL protein – AF-MLL, the der4 product in t(4;11) leukemia(11). We sought to
test the requirement of the reciprocal fusion protein in human t(4;11) leukemia – the der4
fusion AF4-MLL. We used RNA-interference to specifically knockdown the AF4-MLL
fusion protein in two human t(4;11) cell lines. Our results demonstrate that inhibition of the
der4 fusion gene has little effect on the leukemia cells, suggesting that the reciprocal fusion
is non-essential in established leukemias.

Materials and Methods
Cell lines

Human leukemia cell lines, RS4;11, SEMK2-M1 (a subclone of the original SEMK2 cell
line) and HPB-NULL maintained in RPMI-1640 with 10%FBS as described previously(12–
13).

siRNA
siRNA duplexes were designed using Dharmacon’s online siDesign algorithm (Darmacon,
Lafayette, CO). Scrambled control consisted of pooled non-targeting duplexes. All siRNAs
were reconstituted in Reconstitution Buffer. For delivery, 4 × 106 cells in 200 µL OPTI-
MEM containing 750 or 1000 nm siRNA were elctroporated to 250 V for 25 ms using a
BTX Electro Square Porator ECM830 (BTX, Holliston, MA). Cells were then washed with
serum free media and placed back in regular culture conditions at a concentration of 5 × 105

cells/mL.

Cell growth and cell cycle analysis
Cells were stained with Trypan blue and live cells were counted in triplicate. Cell cycle
analysis was performed as before.(14)

RT-PCR
RNA extraction, reverse transcription and real time quantitative RT-PCR using SYBR green
detection was performed as before.(14)
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Western blotting
To determine the MLL-AF4-specific siRNA knockdown efficiencies, three million SEMK2-
M1 cells were harvested after electroporation as described and washed with cold PBS.
Nuclear proteins were extracted by a NE-PER Nuclear and cytoplasmic extraction kit
(Pierce, Rockford, IL). The proteins were separated in 4% SDS-PAGE, transferred to
nitrocellulose membranes and probed with antibodies against AF4(15) or MLLN (Millipore,
Billerica, MA). HRP-conjugated secondary antibodies and ECL (Pierce, Rockford, IL) were
used for detection.

Results
Design of siRNA duplexes against the der4 fusion in t(4;11) cell lines

To evaluate the role AF4-MLL fusion gene in leukemia, we chose to study RS4;11 and
SEMK2-M1 - two t(4;11) cell lines that express both the der11 and the der4 fusion genes.
(16) By sequencing of PCR products, we first confirmed the previously published findings
that the der4 fusion (AF4-MLL) gene results in two alternatively spliced transcripts and that
these transcripts are identical in RS4;11 and SEMK2-M1 cells.(16) The major transcript,
termed der4a, is formed by the splicing of AF4-exon3 to MLL-exon10 while in the minor
transcript – der4b, AF4-exon3 is spliced to MLL-exon11 (Supplementary Figure 1).
However, we were unable to detect a protein product for AF4-MLL using various antibodies
directed against either the amino-terminus of AF4 or the carboxy terminus of MLL. Notably,
there are no published Western blot results showing successful detection of AF4-MLL or
any other reciprocal fusion protein. We then screened several siRNA duplexes directed
against the junction regions of the two AF4-MLL transcripts and selected the ones that
showed most efficient knockdown in RS4;11 and SEMK2-M1 cells compared to scrambled
controls (Supplementary Figure 2). In repeated experiments, we found that the siRNA
constructs der4a#2 and der4b#6 efficiently knocked down their respective targets der4a and
der4b in both RS4;11 and SEMK2-M1 compared to scrambled siRNA or mock
electroporation. Results of one representative experiment are shown in Figure 1, where
der4a#2 and der4b#6 treatment knocked down their respective targets by 70% and 60% in
RS4;11 cells. Surprisingly, siRNA der4b#6 (henceforth referred to as D4B6) resulted in
knockdown of both der4a and der4b transcripts in both SEMK2-M1 and RS4;11. At 24
hours after transfection with D4B6, der4a and der4b mRNA levels were significantly
reduced in SEMK2-M1 (by an average 62% and 59% respectively, N=3) and RS4;11 (by
average 54% for both de4a and der4b) compared to scrambled siRNA pool or mock
electroporation (Figure 1). The reasons for this cross-reactivity are not obvious but common
sequences in the 5′ ends of the two siRNA constructs might be involved as none of the other
constructs we screened showed this feature (Supplementary Figure 3). Furthermore,
combining the two siRNAs had no additive inhibitory effect on the expression of AF4-MLL
transcripts (Figure 1). In both RS4;11 and SEMK2-M1, D4B6 treatment had no effect on the
levels of the corresponding wild type mRNAs - MLL and AF4, and of the der11 fusion
product MLL-AF4. Additionally, D4B6 treatment had no effect on the levels of MLL and of
AF4 in the HPB-NULL cell line that does not harbor t(4;11) (Figure 1). As positive controls
for our siRNA knockdown strategy, we treated both the SEMK2-M1 and RS4;11 cells with
the previously described MLL-AF4 siRNAs – MARS for RS4;11 and MA6 for SEMK2-M1.
(17) In contrast to the der4 transcripts, the der11 transcripts are different in the two cell
lines, requiring the use of different siRNAs to knockdown these fusions.(16) In agreement
with the previously described results, at 24 hours post transfection with the corresponding
siRNA, MLL-AF4 mRNA levels were significantly reduced in both SEMK2-M1 (average
63% knockdown, N=3) and RS4;11 (average 50% knockdown) compared to scrambled
siRNA pool or mock electroporation (Figure 1). Knockdown of MLL-AF4 protein was
verified by Western blot analysis using anti-AF4 and anti-MLL antibodies, with little change
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evident in the levels of the wild type proteins AF4 and MLL (Figure 1). Treatment of
SEMK2-M1, RS4;11 or HPB-NULL cells with MARS or MA6 had no effect on the levels
of AF4, MLL or the der4 mRNAs (for SEMK2-M1 and RS4;11 only), confirming the
specificity of the siRNA constructs for their respective targets (Figure 1). Overall, these
results demonstrate that we achieved relatively specific knockdown of AF4-MLL and MLL-
AF4 in both SEMK2-M1 and RS4;11 cells.

MLL-AF4 is essential for cell growth while AF4-MLL is dispensable
We next analyzed the effects of AF4-MLL inhibition on in vitro cell growth. Cells were
electroporated with siRNA duplexes and viable cell numbers were counted daily for 4 days.
Specific knockdown of target mRNA was confirmed by real-time quantitative RT-PCR as
described above. In repeated experiments, growth of AF4-MLL-knocked-down (D4B6
treated) SEMK2-M1 and RS4;11 cells was identical to that of cells treated with scrambled
pool or no siRNA (Figure 2). The results were the same with the der4a#2 siRNA
(Supplementary Figure 4). While these results indicate that AF4-MLL knockdown had no
significant effects on cell growth, the kinetics of AF4-MLL synthesis and degradation are
unknown. Given our inability to detect AF4-MLL protein, to ensure sustained inhibition of
the der4 fusion, we performed sequential electroporations with siRNAs. In these
experiments, we electroporated SEMK2-M1 cells on days 0, 2, 4 and 7 with mock (no
siRNA), scrambled pool, a mismatched siRNA (siMM), MA6 (anti-MLL-AF4) or D4B6
siRNA.(17) Quantitative RT-PCR analysis showed >50% knockdown of der4a, der4b and of
MLL-AF4 with the corresponding siRNA treatments compared to controls (data not shown).
Over a 9 day observation period (from day 0 to 48 hours after the fourth electroporation),
cells with knockdown of der4 mRNA showed growth characteristics identical to those that
were treated with siMM, scrambled pool or mock siRNA (electroporation only).

In contrast to the above results, with MLL-AF4 knockdown, we observed a significant
inhibition of cell growth in both SEMK2-M1 and RS4;11 cell lines. As shown in Figure 2, at
96 hours post single electroporation, growth of SEMK2-M1 cells with MLL-AF4
knockdown was reduced to 39.6 ± 5.3 % that of scrambled controls while for RS4;11, MLL-
AF4 knock-down reduced cell growth to 62.9 ± 5.0% that of controls (mean ± std. err., N=3,
p < 0.01, t-test). Growth of the t(4;11)-negative cell line HPB-NULL was unaffected by
electroporation with either the AF4-MLL siRNA D4B6 or the MLL-AF4 siRNAs MARS
and MA6 (Figure 2). Similarly, with repeated doses of MA6, we observed a significant and
persistent growth reduction in SEMK2-M1 (MA6 treated cell numbers 46.7 % that of
scrambled pool or siMM treated controls, Figure 2).

To discern the effects of AF4-MLL knockdown on cell proliferation that may not have been
detected by the cell growth assay described above, we performed cell cycle analysis on
SEMK2-M1 cells. Using flow cytometric analysis of DNA content, we measured the
proportions of cells in the various phases of the cell cycle every 24 hours after siRNA
treatments for a total of 4 days. As shown in Figure 3, the proportions of cells in G0/G1, S
and G2/M phases of the cell cycle at the different time points for the AF4-MLL knocked-
down cells were identical to those for cells treated with scrambled pool or mock
electroporation. The sub-diploid (<2N) fraction which marks apoptotic cells was also
identical among the AF4-MLL knockdown and control conditions. On the other hand, MLL-
AF4 knockdown resulted in significant changes in cell cycling and survival of SEMK2-M1
cells. At 48 hours post electroporation, we observed a significant increase in the proportion
of cells in the G2/M phase with MLL-AF4 knockdown (24.5 ± 1.0 %) compared to
scrambled control (15.7 ± 1.4%, mean ± std. err., N=3, p<0.05, t-test). Concomitantly, we
saw a decrease in the proportion of cells in G0/G1 with MLL-AF4 knockdown (45.6 ±
0.7%) compared to scrambled control (53.2 ± 0.8%, p<0.05). This G2/M cell cycle arrest
gradually resolved by 96 hours post electroporation (Figure 3). Further, with MLL-AF4
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knockdown we observed an increase in the <2N fraction starting at 48 hours post
electroporation, peaking at 96 hours (53.8 ± 3.4% with MLL-AF4 knockdown compared to
21.8 ± 0.4% for scrambled controls, mean ± std. err., N=3, p < 0.01, t-test, Figure 3). These
results demonstrate that MLL-AF4 knockdown induced G2/M cell cycle arrest and apoptosis
while loss of AF4-MLL had no significant effect on proliferation or survival of SEMK2-M1
cells.

Discussion
Translocations involving the MLL gene in leukemia are uniquely characterized by the
expression of both the MLL-fusion and the reciprocal fusion product in majority of the
cases. The lack of detectable reciprocal fusions in up to 20% of cases may be due to
complex rearrangements involving multiple genes that have been recently identified(18).
Given that the der11 MLL-fusion protein is expressed in all 11q23 rearranged leukemias, all
experimental models have been based on expressing this MLL-fusion gene and the data
from these models demonstrate that the MLL-fusion gene indeed promotes transformation of
the host cell. However, the role of the reciprocal gene has not been evaluated in detail. Our
results indicate that in established t(4;11) leukemias the reciprocal product – AF4-MLL is
not essential for leukemia cell growth or survival. We observed no significant effects of
siRNA mediated knockdown of AF4-MLL in both RS4;11 and SEMK2-M1 cell lines. The
lack of an antibody to detect AF4-MLL precludes our ability to evaluate the knockdown of
the protein, but our real-time quantitative RT-PCR data show that we achieved consistent
knockdown of the mRNA by >50%. Moreover, sequential electroporations with the AF4-
MLL siRNA failed to show any effect on SEMK2-M1 cell growth while under identical
conditions, MLL-AF4 knockdown resulted in significant growth inhibition. In a recent
publication, Bursen et al report that murine Lin−/Sca1+ bone marrow cells were transformed
by retrovirally expressed AF4-MLL, resulting in the development of acute leukemia in a
third of the mice transplanted with AF4-MLL or AF4-MLL + MLL-AF4 expressing
cells(11). While at first our results appear to contradict these published results, several
considerations highlight that we cannot compare the study by Bursen et al to ours. Firstly,
the two studies address different questions. In their study, Bursen et al show that leukemia
may be initiated by retrovirally expressed AF4-MLL, while our results demonstrate that
established t(4;11) leukemias are no longer dependent on AF4-MLL for continued growth. It
is possible that events downstream of the translocation that culminate in the development of
leukemia render the reciprocal fusion redundant. Additionally, the cellular origin of MLL-
rearranged leukemia remains unknown. The Lin−/Sca1+ bone marrow fraction used by
Bursen et al is a heterogeneous population largely composed of proliferating progenitor
cells. Recently published results suggest that t(4;11) leukemias might originate in relatively
more primitive cells that are pre-hematopoietic in their lineage commitment (20). Thus, the
patient-derived leukemia cell lines used in our study might differ significantly in their
developmental origins compared to the cells transformed by retroviral expression of AF4-
MLL in the study by Bursen et al. However, it is worth noting that in contrast to the results
of Bursen et al, other groups have successfully generated leukemia in murine models driven
by the MLL-AF4 fusion alone (i.e. without the reciprocal fusion) either via a conditional
knock-in approach or via retroviral expression(10,21). Finally, MLL-rearranged leukemias
are characterized by increased H3K79 methylation at specific loci that correlate with
increased expression of the corresponding genes(10). Recent data indicate that the carboxy
terminus of AF4 plays an important role in recruiting the H3K79 methyltransferase DOT1L
to these loci of increased transcription, implicating the der11 MLL-AF4 as the major
oncogene in t(4;11) leukemias.

Overall, our results show that leukemias with MLL-translocations remain dependent on the
der11 MLL-fusion protein for continued growth while the reciprocal fusion appears to be

Kumar et al. Page 5

Leuk Res. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



non-essential. Therapies targeting the MLL-fusion protein itself, its interacting proteins, or
its downstream mediators may thus be beneficial for treating patients with these leukemias.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. siRNAs againt MLL-AF4 and AF4-MLL specifically knockdown their respective
targets
Human leukemia cell lines were electroporated with various siRNA duplexes as described
and gene expression measured by real time quantitative RT-PCR at 24 hours. Bar graphs
show relative expression of AF4-MLL (der4a and der4b), MLL-AF4, AF4 and MLL in
RS4;11 (A, C) and SEMK2-M1 (B) cells while HPB-NULL (D) served as a control cell line
since it lacks the MLL-translocation. Relative expression levels were derived using beta-
actin as internal control and normalized to levels in the scrambled control condition. Panel A
shows data from one representative experiment in RS4;11 while for the remaining graphs
data represent mean ± std. err of 3 separate experiments. Panel E shows Western blot results
for MLL-AF4 knockdown in SEMK2-M1 probed with anti-AF4 (upper panel) or anti-
MLLN (lower panel) antibodies. Lane labels on top represent the siRNA treatments – control
(C) or MA6 (S) - the SEMK2-specific MLL-AF4 siRNA. Protein bands are labeled on the
left and the antibodies used in each blot are on the right.
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Figure 2. Knockdown of AF4-MLL has no effect on cell growth
Leukemia cell lines SEMK2-M1, RS4;11 and HPB-NULL were electroporated with various
siRNAs as described and viable cells were counted by Trypan blue exclusion. Daily cell
counts were normalized to those on day 4 which were considered 100%. Graphs below
depict growth curves for each cell line with time since electroporation indicated on the x-
axis. Data represent mean ± std. err. of 3 separate experiments. In the SEMK2-M1 repeat
electroporation experiment, SEMK2-M1 cells were electroporated sequentially on days 0, 2,
4 and 7 (indicated by arrows on the x-axis) observed for a total of 9 days. Viable cells were
counted on the days of electroporation and normalized to counts on day 9 (100%).
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Figure 3. Knockdown of AF4-MLL has no effect on cell cycling or cell survival
SEMK2-M1 cells were electroporated with various siRNA duplexes as described. Cell
aliquots were harvested every 24 hours for a total of 4 days and DNA content analyzed by
flow cytometry. Line graphs represent the proportions of cells in the subdiploid fraction
[<2N, (A)] and various phases of the cell cycle [G0/G1 (B), S (C) and G2/M (D)] with the x-
axis representing time in days. Depicted are mean ± std. err. of three separate experiments.
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