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Figure 1 | Expression of A3A, A3B wild-type and mutants, and AID.
(A) Schematic of expression vectors. The consensus amino acid residues
for zinc-coordinating motifs are shown. Substituted residues are shown in
white. (B) Expression of HA-tagged proteins. Expression vectors were
transfected into HEK293 cells, and cell lysates were analyzed by
immunoblotting with anti-HA antibody (top panel) and anti-B-actin
antibody (bottom panel) for loading control.

However, it is still unclear whether A3 proteins can induce somatic
mutations into human genome with intact DNA repair systems.
Here we first demonstrate that expression of A3B and A3A as well
as AID can induce somatic mutations in genomic DNA in human
cells even in the presence of UNG. We also find that high expression
of A3B leads to somatic mutations in tumor-related genes. These
data suggest that aberrant expression of A3B might be one of the
active mechanisms that induce somatic mutations in cancer cells.

Results

A3 and AID induce hypermutations into foreign DNA. Besides
A3A, we focused on A3B because it is localized predominantly in the
nucleus®®?' and highly expressed in many types of cancer cells'* refer-
ring to microarray database (e.g., NextBio: http://www.nextbio.com).
Previous studies have shown that A3B contains two enzymatically
active CDAs in restricting HIV-1%?, whereas only carboxyl-terminal
CDA is responsible for inhibiting HBV replication®** and editing
bacterial DNA?. A3B is also shown to restrict foreign DNA in mam-
malian cells®, but it has not been tested which CDA is active in this
context. First, to examine whether A3 and AID induce mutations
in foreign DNA in human cells and which CDA is responsible for this
DNA editing, we constructed amino- and/or carboxyl-terminal CDA
mutants (H66R, H253R, and H66/253R) by site directed mutage-
nesis (Fig. 1a) and confirmed their expression in HEK293 cells by
immunoblotting (Fig 1b). We transfected expression vectors for
these together with EGFP expression vector into HEK293 cells and
examined base substitutions in EGFP sequences. The expression
vector for UNG inhibitor (UGI) was also co-transfected to avoid

UNG-triggered degradation of uracil-containing foreign DNA as
described previously”. We recovered total DNA from the cells 2
days after transfection and performed differential DNA denatura-
tion PCR (3D-PCR) to efficiently recover edited DNA. sequences™.
3D-PCR is based on the principle that DNA sequences with fewer
interstrand hydrogen bonds dissociates easier. If cytidine deamination
takes place frequently, resulting AT-rich EGFP gene can be amplified
at lower denaturation temperatures. Although PCR products were
obtained from all samples at 92°C of denaturation temperature
(Td), we obtained robust PCR products at 83.8°C of Td only from
A3A-, A3B wild-type (WT)-, and AID-expressing cells (Fig 2a).
Amplification of EGFP at the lowest Td was impaired in H66R-
expressing cells compared to A3B WT-expressing cells and undetec-

_table in H253R- or H66/253R-expressing cells (Fig 2a, bottom). To

ascertain whether EGEP gene was actually hyperedited, we cloned and
sequenced the amplicons at 83.8°C of Td. As can be seen from the
mutation matrices, high levels of C/G to T/A transitions were
introduced into EGFP sequences (Fig 2b). To compare the extent of
baseline mutations and that of A3B-induced mutations, we also
cloned and sequenced the amplicons at 94.0°C of Td. Mutation
frequency of A3B-expressing cells were about 6 times higher than
that of mock-transfected cells (Supplementary Fig. S1 online). The
mutation frequency in H66R-expressing cells was approximately a
half compared to that in A3B WT-expressing cells in the amplicons
at the lowest Td (Fig 2¢). These data suggest that carboxyl-terminal
CDA of A3B is mainly responsible for foreign DNA editing, but both
domains are requisite for full editing activity. It is worth noting that
AID is also capable of inducing cytidine deamination into foreign
DNA.

Human A3 proteins have preferred target dinucleotide sequences
in the substrate DNA; A3A and A3B prefer to deaminate cytosine
residues flanked by 5" thymine residue, 5'-TC, whereas A3G prefers
to deaminate cytosine residues flanked by 5’ cytosine residue, 5'-
CC»?%, We analyzed the context of C/G to T/A transitions in
hyperedited EGFP sequences. We observed a strong bias toward
deamination at 5'-TC dinucleotides in A3A-, A3B WT-, and
H66R-expressing cells, but not in AID-expressing cells (Fig 2d).
5'-TC dinucleotide preference of A3B was also confirmed by sequen-
cing amplicon at 94.0°C of Td which is supposed to be unbiased
(Supplementary Fig. S1 online). These data suggest that the pref-
erence of editing sites in foreign DNA by A3s coincides with that
seen in viral DNA.

A3A and A3B can edit genomic DNA in human cells. We next
investigated whether A3 proteins induce C/G to T/A transitions into
not only foreign DNA but also nuclear DNA in human cells. We first
established a HEK293 cell line stably expressing EGFP (HEK293/
EGFP) using retrovirus vector that carries EGFP. We transfected
HEK293/EGFP cells with expression vectors for A3A, A3B WT or
mutant (H66R, H253R, or H66/253R), or AID by lipofection, and
then recovered total DNA from these cells after 7-day culture. We
performed 3D-PCR of EGFP gene and obtained amplicons from
A3A-, A3B WT-, H66R-, and AID-expressing cells at lower Td
(Fig 3a). EGFP gene was recovered at Td as low as 86.3°C from
A3B WT-expressing cells, while as low as 86.5°C from A3A-,
H66R-, and AlID-expressing cells. By contrast, EGFP gene was not
amplified below Td of 87°C from cells transfected with mock, H253R
or H66/253R. We repeated this procedure consisting of transfection,
DNA extraction, and 3D-PCR three times and obtained similar
results (Fig 3b). To unambiguously confirm the presence of C/G to
T/A transitions, we cloned and sequenced amplicons obtained at the
lowest Td in A3A-, A3B WT-, H66R~, and AID-expressing cells
(Fig 3c). These analyses revealed approximately 2 to 5 C/G to T/A
transitions per EGFP sequence from each sample (Fig 3d). The
transitions were detected most frequently in A3A-expressing cells,
and deaminase activity of H66R mutant was approximately a half
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Figure 2 | Foreign DNA editing by A3A, A3B, and AID. (A) Agarose gel analyses of 3D-PCR products from HEK293 cells. Cells were transfected with
expression vector for A3A, A3B wild-type or mutant, or AID together with pEGFP-N3 and pEF-UGI. Total DNA was recovered 2 days after transfection,
and EGFP gene was amplified by 3D-PCR at the indicated denaturation temperatures (Td). (B) Mutation matrices of hyperedited EGFP sequences

[T

derived from cloned amplicons at 83.8°C of Td. “n” indicates the number of bases sequenced. We sequenced 5 clones (2,225 base pairs in total) in each
group. (C) Frequencies of C/G to T/A transitions in hyperedited EGFP genes. C/G to T/A transitions per 1,000 sequenced base pairs are shown.
(D) Dinucleotide contexts in foreign DNA editing. The rates of indicated dinucleotide sequence at the C to T transitions are shown. Asterisks indicate

statistical significance in a %? test (p < 0.01).

compared to that of A3B WT as seen in foreign DNA assays. The
contexts of C/G to T/A transitions detected from the lowest Td
amplicons in genomic DNA editing in A3-expressing cells were
distinct from those in foreign DNA editing (Fig 3e). A preference
for 5'-TC dinucleotide was not apparently observed, alternatively,
5'-GC dinucleotides were preferred in all samples. However, this
bias fails to reach statistical significance (p < 0.01) in a ¥’ test. The
preferred target sequences of AID editing were 5'-GC and 5'-AC
dinucleotides as described by many prior studies*°. Mutation
frequencies and preferred target sequence of A3B was also
analyzed by using amplicons at 94.0°C of Td. Mutation frequency
of A3B-expressing cells were about 3 times higher than that of mock-
transfected cells (Supplementary Fig. S2 online). A preference for 5'-
TC dinucleotide was impaired, compared to that in foreign DNA
editing assays (Supplementary Fig. S2 online). Our results reveal that
in addition to AID, A3A and A3B can induce C/G to T/A transitions
into human nuclear DNA without repressing proofreading enzymes
(e.g., UNG). Mutation frequencies were 6 to 9 per 1000 base pairs
in A3A-, A3B WT-, and AID-expressing cells, and much less fre-
quent compared to those in foreign DNA editing. As seen with
foreign DNA editing, carboxyl-terminal CDA is mainly respon-
sible for catalytic activity but not sufficient for full editing activity.

The preference context of genomic DNA editing by A3A and A3B is
different from that of viral or foreign DNA editing.

Deep sequencing reveals hyperediting of human genomic DNA by
A3 proteins. Amplicon sequencing by next-generation sequencer
has enabled to detect extremely low levels of mutations of targeted
regions in genomic DNA. To verify more certainly that A3 proteins
edit human nuclear DNA, we performed deep sequencing of A3-
expressing cells. HEK293/EGFP cells were transfected with an
empty vector or expression vectors for A3A, A3B WT, H66/253R,
or AID by lipofection, and total DNA were extracted after 7-day
culture. We amplified a portion of EGFP gene with 443 base pair
length (from thymine 56 to cytosine 498) by conventional PCR
protocol, not by 3D-PCR, and performed amplicon sequencing
with the coverage of 1337 to 2654 reads per sample. This analysis
revealed that extremely large numbers of nucleotides were substi-
tuted over the full length of amplicons in A3A-, A3B WT-, and AID-
expressing cells, whereas very few mutations were detected in mock
and H66/253R-expressing cells (Supplementary Table I online). C/G
to T/A transitions were observed most frequently in A3A-expressing
cells as variation rates reach approximately 7% at the maximum,
while below 3% at most in A3B- and AID-expressing cells (Fig 4a
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Figure 3 | Hypermutations in EGFP genes integrated in genomic DNA of HEK293 cells. (A) Agarose gel analyses of 3D-PCR products of EGFP genes
extracted from HEK293/EGEP cells. Cells were transfected with expression vector for A3A, A3B wild-type or mutant, or AID. Total DNA was recovered 7
days after transfection and EGFP genes were amplified by 3D-PCR at the indicated denaturation temperatures (Td). (B) Distributions of the lowest
denaturation temperatures for positive PCR amplification in each sample. Each circle represents independent experiment consisting of transfection, DNA
extraction, and 3D-PCR. (C) Mutation matrices of hyperedited EGFP sequences derived from cloned PCR products at Td lower than 87°C. “n” indicates
the number of bases sequenced. We sequenced 25 clones (11,125 base pairs in total) in each group. (D) Frequencies of C/G to T/A transitions in
hyperedited EGFP genes. C/G to T/A transitions per 1,000 sequenced base pairs are shown. (E) Dinucleotide contexts in genomic DNA editing. The rates
of indicated dinucleotide sequence at the C to T transitions are shown. Deviations in the editing contexts do not reach statistical significance (p < 0.01) in

a y? test.

and Supplementary Table 1 online). The mutation frequency analysis
revealed that large numbers of C/G to T/A substitutions were
induced in A3A-, A3B-, and AID-expressing cells, whereas other
types of base substitutions were very few (Fig 4b). These results are
similar to the data obtained by 3D-PCR and clonal sequencing of A3-
and AID-expressing cells, and further demonstrated that A3A and
A3B as well as AID can induce C/G to T/A transitions into genomic
DNA in human cells with intact DNA repair systems. Dinucleotide
preference of target sequence for deamination by A3A, A3B and AID
was also analyzed, however, we did not found any preference in this
experiment (Fig. 4C), suggesting the difference between foreign
DNA editing and genomic DNA editing.

Expression of A3B and somatic mutations in lymphoma cells. Al-
though AID has been reported to play important roles in lymphoma-
genesis by inducing mutations in both Ig and non-Ig genes'"'>*'-%,
AID-independent mechanisms are also suggested, because AID is
not expressed in all types of B-cell lymphomas®**. We hypothesized
that A3 may contribute to somatic mutations in some lymphoma
cells. To examine this hypothesis, we first determined expression
levels of A3A, A3B, and AID by quantitative RT-PCR in several B-
cell lymphoma cell lines using peripheral blood lymphocytes (PBL)
as control (Fig 5a). Our analysis revealed that A3B was highly
expressed in 3 of 4 cell lines, particularly, markedly high in KIS1
cells, whereas expression of A3A transcripts was not detected in any
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Figure 4 | Deep sequencing of EGFP genes in genomic DNA. (A) The distributions of C/G to T/A substitutions in the EGFP sequences. Total DNA was
recovered form HEK293/EGFP cells 7 days after transfection with expression vector for A3A, A3B wild type or H66/253R or AID. We amplified a portion
of EGFP sequence from thymine 47 to cytidine 504 (top schematic) by PCR with high-fidelity polymerase and sequenced the amplicons by GS-junior
bench top system (Roche). Sequence data were analyzed with equipped software. “Coverage” indicates the total numbers of sequenced reads.

(B) Frequencies of base substitutions in hyperedited EGFP genes. Base substitutions were classified to 6 groups and substituted base number of each group
per 1,000 sequenced base pairs are show. (C) Dinucleotide contexts in genomic DNA editing. The rates of indicated dinucleotide sequence at the Cto T
transitions are shown. Deviations in the editing contexts do not reach statistical significance (p < 0.01) in a ¥ test.

lymphoma cell lines consistent with prior work suggesting myeloid
specificity®®?®®. AID transcripts were detected in 2 of 4 cell lines,
which is consistent with previous studies**>*’, We also examined
expression of A3B in two lymph node samples of diffuse large B-
cell lymphoma, and found that A3B is actually expressed (supple-
mentary Fig. 3 online).

To investigate the correlation between A3B expression and fre-
quency of somatic mutations, we next performed direct sequencing
of cMYC, PAX5, and A20 genes which are exemplary genes mutated
frequently in B-cell lymphoma?®*®, We compared mutation frequen-
cies of these genes in SUDHL-6 and KIS-1, because the expression of
A3B was the lowest in the former and the highest in the latter, while
AID was not expressed in either cell line. DNA sequences between
exon 1 and intron 1 of these three genes were analyzed (899 base pairs
of cMYC, 1550 base pairs of Pax5, and 1088 base pairs of A20), since
it have been reported that somatic mutations induced by cytidine
deaminases were concentrated within 2 kb downstream from tran-
scription initiation sites****. We found nine mutations within inves-
tigated sequences of cMYC and PAX5 in KIS-1, but not in SUDHL-6,
in which five of nine mutations detected were C/G to T/A transitions.
On the other hand, no mutation was detected within sequenced
region of A20 in either cells (Fig 5b). To analyze ongoing mutations

in the genome in individual cells, we next sequenced the same region
of cMYC sub-cloned from KIS-1 and SUDHL-6, and found several
more C to T mutations in KIS-1 cells, but not in SUDHL-6 cells
(Supplementary Fig. S4 online). We next determined expression of
these tumor-related genes by quantitative RT-PCR and found that
the transcripts of cMYC and PAX5 were highly expressed in both
SUDHLS6 and KIS1 cells as compared to PBL, whereas A20 was less
transcribed in these lymphoma cells. These results suggest that high
expression of A3B resulted in accumulation of base alterations, espe-
cially C/G to T/A transitions, in actively transcribed tumor-related
genes in lymphoma cells.

To ascertain more definitely that A3B can edit tumor-related
genes in lymphoma cells, we introduced A3B into a lymphoma cell
line and analyzed somatic mutations in cMYC. SUDHL-6 cells were
transfected with expression vector for A3B WT, H66/253R, or mock
by electroporation and total DNA was extracted after 7-day culture.
With 3D-PCR analysis of cMYC, we obtained the amplicon from
only A3B WT-expressing cells at the lower Td (Fig 6a). Clonal
sequencing of amplicons at 85.9°C revealed 2 to 7 nucleotide sub-
stitutions per strand, and more than 80% of these mutations were C/
G to T/A transitions, with a preference for 5'-GC dinucleotide sites
(Fig 6b and ¢). We also sequenced the amplicons at 94.0°C of Td and
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Figure 5 | Expression of A3Band somatic mutations in oncogenes in human lymphoma cell lines. (A) Quantitative RT-PCR for A34, A3B, and AID in
lymphoma cell lines. The levels of target cDNA were normalized to the endogenous hypoxanthine phosphoribosyl transferase 1 (HPRT1I) and then

compared to those in peripheral blood lymphocytes. (B) Mutational analyses of C-myc, Pax5, and A20in SUDHS6 and KIS1 cells. We recovered total DNA
from the cells and amplified the sequence between exon1 and intronl of C-myc, Pax5 and A20by PCR and performed direct sequencing of the amplicons.
Locations of somatic mutations are shown below the loci with their positions. (C) The expression levels of transcripts of C-myc, Pax5,and A20in KIS1 and

SUDHLS cells. Quantitative RT-PCR was similarly performed with (a).

found A3B-induced C/G to T/A transitions without 5’-TC dinucleo-
tide preference (supplementary Fig. 5 online). These data dem-
onstrate that expression of A3B can induce somatic mutations into
actively transcribed tumor-related genes in lymphoma cells.

Discussion

To date, most studies on A3 proteins have focused on their abilities as
antiviral or antitransposon factors, whereas the capability of A3 pro-
teins to induce mutations into genomic DNA in host cells has been
scarcely verified. In contrast, many studies have elucidated that AID
induces somatic mutations into not only Ig genes, but also tumor-
related genes in human cells and that ubiquitous expression of AID
in mice leads to cancers of various organs as well as lymphomas, with
the accumulation of nucleotides alterations®>. Thus, AID has been
considered as the only DNA cytosine deaminase that can induce
somatic mutations into human genome and has potential to cause
cancers or hematologic malignancies.

Suspéne et al. have recently reported that hyperediting of both
mitochondrial and nuclear DNA was detected in human cells defect-
ive for UNG derived from hyper IgM syndrome patients and demon-
strated that A3A-induced mutations in nuclear DNA are detectable
under the condition of suppressing UNG in human cells”. In their
report, deamination of nuclear DNA was not observed in cells
expressing other A3 proteins or in cells expressing A3A without
UNG suppression. Furthermore, Landry et al. have reported that
expression of A3A together with UGI in mammalian cell lines
resulted in breaking of DNA and activation of DNA damage res-
ponse in a deaminase-dependent manner'. In these two reports, the
effect on genomic integrity by A3A was dependent on the presence of

UGI. Thus, there has been no direct evidence that A3 proteins induce
mutations in genomic DNA in the cells with intact DNA repair
systems.

In this study, we demonstrate that A3A and A3B as well as AID
can induce C/G to T/A transitions into nuclear DNA without sup-
pressing UNG by two different assays, 3D-PCR and deep sequencing.
We assume that increased number of cytidine deamination catalyzed
by highly expressed A3A or A3B exceeded the processivity of DNA
repair enzymes such as UNG and resulted in leaving C/G to T/A
transitions in nuclear DNA. Mutation frequencies were considerably
lower compared to Suspéne’s report. However, Yoshikawa et al.
reported that AID induced hypermutations into an actively tran-
scribed gene in fibroblasts and that the mutation frequency was
approximately 4 to 6 per 1000 base pairs'®, almost to the same extent
as our results. Hence the frequency of mutations induced by cytidine
deaminases into nuclear DNA is probably this extent or less in the
cells with intact DNA repair systems.

We also find that A3B is highly expressed in several lymphoma cell
lines and that the cells expressing high levels of A3B actually pos-
sesses somatic mutations, especially C/G to T/A transitions, in act-
ively transcribed tumor-related genes. Furthermore, we reveal that
introduction of A3B into lymphoma cells induces the accumulation
of C/G to T/A transitions in cMYC gene. This is the first report that
suggests the involvement of A3B in inducing somatic mutations of
oncogenes in tumor cells. Together with the microarray database of
A3B expression in miscellaneous cancer cell lines' (NextBio: http://
www.nextbio.com), it is possible that A3B may induce somatic muta-
tions into tumor related genes in various types of cancers.

Several questions remain open. First, it remains unclear what is
preferred target sequences of A3 proteins in genomic DNA. Because
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Figure 6 | A3B induced somatic mutations into c-myc gene in human lymphoma cells. (A) Agarose gel analyses of 3D-PCR products of c-Myc genes in
SUDHLG6. We transfected expression vector for A3B wild-type or H66/253R or empty vector and recovered total DNA 7 days after transfection. C-myc
genes were amplified by 3D-PCR at the indicated denaturation temperatures (Td). (B) Clonal sequencing of amplicons from A3B-WT expressing
SUDHLS cells. We sequenced 11 clones (5104 base pairs in total). Seventy six bases from thymine 310 to adenine 385 in which mutations are concentrated
among sequenced 464 base pairs are shown. The numbers of C/G to T/A substitutions in sequenced 464 base pair length are shown at the right end.
(C) Dinucleotide contexts of somatic mutations in c-Myc gene by A3B. The rates of indicated dinucleotide sequence at the C to T transitions are shown.

Asterisks indicate statistical significance in a ¥’ test (p < 0.01).

in several cancers such as breast cancer and melanoma, 5'-TC is
the most prevalent target in C to T base substitutions, A3 is the
most potential candidate to induce these mutations®?®. However,
in our results, neither A3A nor A3B had a definite preference of
editing site in nuclear DNA editing, whereas a preference for 5'-
TC dinucleotide was observed in foreign DNA editing as prev-
iously reported. It is possible that A3A and A3B have no distinct
favorite context in nuclear DNA editing, unlike viral and bacterial
DNA editing, because human genomic DNA is more profoundly
protected in transcription than viral or bacterial DNA and is under
survey of DNA repair systems. However, Suspene ef al. reported
that target contexts of cytidine deamination in A3A+UGI-expres-
sing cells were 5'-TC and 5’-CC dinucleotides, which were ident-
ical to the contexts of viral or bacterial DNA editing”. We assume
that this discrepancy might be attributable to cell types or express-
ion levels in cells. Hence, further analyses should be required to
clarify the favorite target contexts of A3 proteins in nuclear DNA
editing. The second question is how transcriptional control and
post-translational modification of A3 proteins regulate A3 activity.
Because the molecules that possess a capability of editing nuclear
DNA threaten cell homeostasis, expression and activity of A3A
and A3B must be strictly controlled. AID is known to be regulated
at multiple steps®, for example, transcriptional regulation®®~*2, post-
transcriptional regulation by micro-RNA**, regulation of intracel-
lular localization***, and phosphorylation by PKA**%. In contrast to
AID, little is known about how A3 proteins are regulated. It has been

reported that A3A is abundantly expressed in CD14+ monocytes
and upregulated by interferon-o stimulation®***. Meanwhile, it is
not clear where A3B is expressed normally*#>**® and how it is
regulated. As for post-translational modification, we previously
reported that PKA-mediated phosphorylation of A3G regulates the
interaction between A3G and HIV Vif". To better understand the
physiological roles of A3 proteins, it is important to elucidate how
their expression and activity are regulated. The last question is
whether A3 proteins can serve as an “initiator” of tumorigenesis.
Our results suggest A3B indeed induces somatic mutations into
genomic DNA in various human tumor cells, however, it is unclear
whether A3B proteins impair genomic DNA from the early stage of
oncogenesis. To address this question, hereafter, histopathological
and genetic analyses of transgenic mouse constitutively expressing
A3 proteins are necessary.

In conclusion, our findings provides the first evidence that A3A
and A3B can induce C/G to T/G transitions into genomic DNA
without suppressing DNA repair system. Our data also show that
high expression of A3B is related to mutation frequencies of onco-
genes in lymphoma cells. Our results suggest that A3B is an onco-
gene, like AID, which may have the capacity to evoke genomic
instability through base substitutions in human cells. Further
studies will be required to test whether endogenous A3B is capable
of impairing genomic integrity as a DNA mutator and contrib-
uting to the development of human cancers and hematologic
malignancies.
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Methods

DNA constructs and cell lines. Plasmids containing coding sequence of human A3A
and A3B were kindly provided by Dr. Kenzo Tokunaga®. Expression vectors for HA-
tagged A3A, A3B and AID were generated by sub-cloning of coding sequences into
pCAG-GS vector. A3B catalytic domain mutants (H66R, H253R, and H66/253R)
were generated by KOD-plus mutagenesis Kit (Toyobo). Expression vector for
Uracil-DNA glycosylase inhibitor, pEF-UGI was kindly provided by Dr. Ruben S
Harris*. HEK293 and HEK293T cells were maintained with Dulbecco’s modified
Eagle’s medium containing 10% of fetal bovine serum (FBS) and penicillin,
streptomycin, and glutamine (PSG). All B-cell lymphoma cell lines were maintained
with RPMI1640 containing 10% FBS and PSG. Retrovirus containing EGFP sequence
was produced by co-transfection of pMLV gag-pol, VSV-G, and pDON-EGFP into
HEK293T cells. HEK293/EGEFP cells were generated by retroviral transduction of
EGFP and selection of 1 mg/ml G418 for two months.

Immunoblotting. HEK293 cells were transfected with expression vector for A34,
A3B wild-type or mutant (H66R, H253R or H66/253R) or AID, and lysed with RIPA
buffer (50 mM Tris-HCI pH?7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton-X, 0.1%
SDS, 0.1% DOC) after 2-day culture. After centrifugation at 20,000 x g for 15 min,
supernatant was mixed with sample buffer (Biorad), boiled for 5 minutes, resolved on
12% (w/v) polyacrylamide gel, transferred to PVDF membrane (Immobilon,
Millipore), and analyzed by standard immunoblotting procedure with anti-HA
monoclonal antibody (12CA5, Roche) or anti-B-actin monoclonal antibody (AC-15,
- Sigma).

3D-PCR and clonal sequencing. For foreign DNA editing assay, HEK293 cells were
transfected with pEGFP-N3, pEF-UGI, and expression vector for A3A, A3B WT or
mutant, or AID by using Fugene HD (Roche). After two-day culture, total DNA was
extracted by using Quick Gene DNA whole blood kit (Fuji Film). First round PCR was
performed with primers listed in Supplementary Table S2 using 1Taq DNA
polymerase (Takara), with the following reaction profile; 30 s at 94°C, 25cycles of
30 s at 94°C, 40 s at 62°C, and 90 s at 72°C followed by 10 min at 72°C. The
amplicons were separated by electrophoresis on 1% (w/v) agarose gel, and extracted
from the gel using Qiaquick Gel Extraction kit (Qiagen). We used 25 ng of first-round
PCR products as template for nested PCR using Hotstar Hifidelity DNA polymerase
(Qiagen), with the following reaction profile; 5 min at 95°C, 35 cycles of 15 s at 83~
92°C, 60 s at 62°C, 80 s at 72°C, followed by 10 min at 72°C. The amplicons derived
at 83.8°C were cloned into pT7-blue vector (Novagen). For nuclear DNA editing
assay, HEK293/EGFP cells were transfected with expression vector for A3A, A3BWT
or mutants, or AID using Fugene HD (Roche). Seven days after transfection, we
extracted total DNA from these cells with the same method of foreign DNA editing
assay. First round PCR was performed using Advantage HF2 polymerase kit
(Clontech), with the following reaction profile;1 min at 94°C, 30 cycles of 30 sat94°C
followed by 2 min at 68°C, followed by 3 min at 68°C. We used 25 ng of first-round
PCR products for nested PCR using Hotstar Hifidelity DNA polymerase (Qiagen)
with the following reaction profile; 5 min at95°C, 35 cycles of 15 s at 86-89°C, 60 sat
62°C, and 80 s at 72°C, followed by 10 min at 72°C. The amplicons derived at 86.5°C
and 83.8°C were cloned into pT7-blue vector (Novagen). For c-myc gene editing assay
inlymphoma cells, we transfected SUDHLG cells with expression vectors for A3B WT
or H66/253R by electroporation using Nucleofector (Amaxa) and extracted total
DNA from the cells 7 days after transfection. First round PCR and gel extractions of
amplicons were performed with the same methods of nuclear DNA editing assay. We
used 25 ng of first-round PCR products for nested PCR using Hotstar Hifidelity DNA
polymerase (Qiagen), with the following reaction profile; 5 min at 95°C, 35 cycles of
15 s at 85-88°C, 60 s at 62°C, 80 s at 72°C, followed by 10 min at 72°C. The
amplicons derived at 85.3°C were cloned into pT7-blue vector (Novagen) and
sequenced using 3130x] Genetic Analyzer (Applied Biosystems).

Deep sequencing. Total DNA was extracted from HEK293/EGFP transfected with
expression vectors for A3A, A3B WT or H66/253R or AID 7 days after transfection. A
portion of EGFP gene with 443 base pair length, from thymine 56 to cytosine 498, was
amplified with the primers listed in Supplementary Table 2 using Advantage HF2
polymerase kit (Clontech), with the following reaction profile; 1 min at 94°C, 30
cycles of 30 sat 94°C followed by 2 min at 68°C, and followed by 3 min at 68°C. The
amplicons were separated by electrophoresis on 1% (w/v) agarose gel, and extracted
from the gel using Quiaquick Gel Extraction Kit (Qiagen). Purified amplicons were
sequenced using GS junior bench top system (Roche) according to the manufacturer’s
protocol and analyzed with equipped software, GS Amplicon Variant Analyzer.

Lymphoma cell lines and patient samples. Four B-cell lymphoma cell lines
(SUDHLSG, KIS1, KM-H2, and Granta519) were cultured in RPMI1640 containing
10% of fetal bovine serum (FBS) and penicillin, streptomycin, and glutamine (PSG).
We extracted total DNA from these cells by using Quick Gene DNA whole blood kit
(Fuji Film) and total RNA by using mir Vana miRNA isolation kit (Ambion). Tumor
biopsy specimens prior to treatment were obtained from two patients with diffuse
large B-cell lymphoma. The study was approved by the Kyoto University Institutional
Review Board and written informed consent was obtained from each patient. Total
RNA were extracted similarly to lymphoma cell lines. Naive B-cells were isolated from
healthy donor’s peripheral blood by using MACS® naive B cell isolation kit (Miltenyi
Biotec).

Quantitative RT-PCR. Complementary DNA was synthesized from 200 ng of total
RNA using Revertra Ace gPCR RT Master Mix (Toyobo). Real-time PCR were
performed with Thunderbird SYBR qPCR Mix (Toyobo) according to
manufacturer’s protocol. Target cDNAs were normalized to the endogenous
expression level of the house keeping reference gene for hypoxanthine-guanine
phosphoribosyl transferase 1 (HPRT1) or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). All primers for real-time PCR are listed in Supplementary
Table 2.

Sequencing of oncogenes from lymphoma cell lines. We amplified portions of C-
myc, Pax5, and A20 from with the primers listed in Supplementary Table 2 using
Advantage HF2 polymerase kit (Clontech), with the following reaction profile; 1 min
at94°C, 30 cycles of 30 sat 94°C followed by 4 min at 68°C, and followed by 3 min at
68°C. The amplicons were separated by electrophoresis on 1% (w/v) agarose gel,
extracted from the gel using Qiaquick Gel Extraction kit (Qiagen), and sequenced
using 3130x] Genetic Analyzer (Applied Biosystems). In c-Myc clonal sequencing, the
amplicon was subcloned into pTA2-vector (TOYOBO) and subsequently sequenced.
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The tyrosine kinase inhibitor dasatinib suppresses
cytokine production by plasmacytoid dendritic cells
by targeting endosomal transport of CpG DNA
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Plasmacytoid dendritic cells (pDCs) produce a vast amount of interferon (IFN)-o in
response to nucleic acids from viruses and damaged self-cells through Toll-like recep-
tor (TLR)7 and TLRY. Pharmaceutical agents that suppress IFN-a production by pDCs are
instrumental in elucidating the mechanisms behind IFN-« production, and in develop-
ing novel therapies for inflammatory disorders that involve pDCs. Here, we show that a
tyrosine kinase inhibitor for chronic myeloid leukemia with multiple targets, dasatinib,
strongly suppresses production of IFN-« and proinflammatory cytokines by human pDCs
stimulated with multimeric CpG oligodeoxynucleotides (CpG-A) without reducing viabil-
ity. In contrast, other tyrosine kinase inhibitors, imatinib, and nilotinib, did not suppress
the cytokine production at clinically relevant concentrations. Inhibitors of SRC family
kinases (SFKs), which are prominent targets of dasatinib, also suppressed the cytokine
production. Notably, however, dasatinib, but not SFK inhibitors, abrogated prolonged
localization of CpG-A in early endosomes, which is a critical step for pDCs to produce
a large amount of IFN-a. This study suggests that dasatinib suppresses IFN-a produc-
tion by pDCs by inhibiting SFK-dependent pathways and SFK-independent endosomal
retention of CpG DNA. Kinases controlling the distinctive endosomal trafficking in pDCs
may be exploited as targets to develop novel therapies for pDC-related inflammatory
disorders.

Keywords: Dasatinib - Interferon - Plasmacytoid dendritic cells (pDCs) - TLR9

Additional supporting information may be found in the online version of this article at the
publisher’s web-site

Introduction

Plasmacytoid DCs (pDCs) are a distinctive immune cell type that
produces a vast amount of IFN-a in response to virus-derived
CpG DNA or ssRNA through TLR9 or TLR7, respectively [1], thus
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playing an important role in antiviral immunity. pDCs also pro-
duces IFN-a in response to nucleic acids derived from damaged
self-tissues, and are thereby implicated in provoking inflammatory
disorders such as lupus and psoriasis [2, 3]. Thus, pharmaceutical
agents that suppress IFN-o production by pDCs are instrumental

in elucidating mechanisms of the production of a large amount of .

IFN-a and in developing novel therapies for inflammatory disor-
ders that involve pDCs.

A variety of protein kinases is involved in signaling path-
ways in immune responses. Antitumor kinase inhibitors that
have different targets may be useful to dissect such path-
ways. Three tyrosine kinase inhibitors (TKIs), imatinib, nilo-
tinib, and dasatinib, have been approved for the treatment of
chronic myeloid leukemia (CML) and Philadelphia (Ph)* acute
lymphoblastic leukemia (ALL), which are caused by constitu-
tive activation of an ABL tyrosine kinase [4]. Notably, dasatinib
is capable of inhibiting a broad array of tyrosine kinases in
addition to ABL, among which SRC family kinases (SFKs) are
prominent targets [5]. As a consequence, it has been shown that
dasatinib inhibits activation of T cells [6,7] and NK cells [8,9]
in vitro. However, it has not been reported whether dasa-
tinib affects immunostimulatory activity of DCs, which play a
pivotal role in the induction of innate and adaptive immune
responses.

Here, we investigated the effect of dasatinib on human pDCs
in comparison with the effects of the other TKIs, imatinib, and
nilotinib [10]. We show that clinically relevant concentrations of
dasatinib, but not imatinib or nilotinib, strongly suppressed the
production of IFN-a and proinflammatory cytokines by pDCs with-
out impairing viability. Mechanistic analysis suggests that dasa-
tinib suppresses IFN-a production by pDCs through inhibiting both
SFK-dependent pathways and SFK-independent endosomal reten-
tion of CpG DNA, which is a critical step for pDCs to produce alarge
amount of IFN-o [11,12]. These results have significant implica-
tions for dissecting the mechanisms of IFN-a production by pDCs
and for developing novel therapies for pDC-related inflammatory
disorders.

Results

Dasatinib suppresses cytokine production by pDCs
stimulated with TLR9 and TLR7 ligands

There are two major types of CpG oligodeoxynucleotides (ODNs),
CpG-A, and CpG-B [13]. CpG-A forms large multimeric aggre-
gates, whereas CpG-B are monomeric and do not form such
high order structure [14]. CpG-A shares its particle-like phys-
ical features with viral particles and an aggregated self-DNA-
antimicrobial peptide complex observed in psoriatic lesions [15].
These particle-like nucleic acids induce pDCs to produce a large
amount of IFN-o due to their prolonged retention in early
endosomes [11,12]. Thus, we first examined whether dasatinib
suppresses IFN-o production by pDCs stimulated with two TLR9

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ligands, ODN2216 (CpG-A) or HSV-1. We also stimulated pDCs
with a TLR7 ligand, influenza virus, which similarly induces a
large amount of IFN-a production by pDCs. When we stimu-
lated PBMCs depleted of pDCs with ODN2216, IFN-a was scarcely
detected in the supernatant (Supporting Information Fig. 1), indi-
cating that pDCs are virtually the only cell type among PBMCs that
secretes a detectable level of IFN-a in response to CpG-A. Thus,
we pretreated PBMCs for 1 h with one of the three ABL kinase
inhibitors dasatinib, imatinib, and nilotinib at clinically relevant
concentrations observed in blood after administration. We then
added the TLR ligands to each condition and cultured PBMCs for
24 h, and concentrations of IFN-a in the supernatants were mea-
sured by ELISA (Fig. 1A). Dasatinib strongly suppressed IFN-a
production by pDCs stimulated with ODN2216 as well as natural
ligands, HSV-1 or influenza virus, in a dose-dependent manner,
and a low concentration (10 nM) was sufficient to induce signif-
icant suppression. Imatinib and nilotinib suppressed the IFN-a
production to a lesser extent, and high concentrations (5000
and 1000 nM) were necessary to exhibit substantial suppression.
When we calculated absolute amounts of IFN-a secreted from a
single pDC, we obtained similar results (Supporting Information
Fig. 2).

We also examined the effect of dasatinib on IFN-a production
by purified pDCs to exclude indirect effects from other cell types.
Dasatinib suppressed the production of IFN-a by purified pDCs,
whereas imatinib did so to a lesser extent (Fig. 1B), as observed
with PBMCs.

Whereas CpG-A induces pDCs to produce both IFN-o and
proinflammatory cytokines (TNF-o and IL-6), CpG-B induces
production of TNF-o and IL-6 but only a low level of IFN-a

[16]. Thus, we next examined whether dasatinib sup-
presses cytokine production by pDCs stimulated with ODN2216
(CpG-A) or ODN2006 (CpG-B) to compare the suppressive effect
of dasatinib on the two types of CpG DNA. Dasatinib strongly sup-
pressed production of IFN-«, TNF-o, and IL-6 induced by ODN2216
(Fig. 1C). In contrast, dasatinib significantly suppressed IFN-a and
TNF-a production induced by ODN2006 only at a high con-
centration (100 nM), and did not suppress IL-6 production
(Fig. 1C). Dasatinib reduced the frequency of pDCs bearing
intracellular IFN-o. and TNF-a (Supporting Information Fig. 3),
excluding the possibility that dasatinib simply blocks secretion
of the cytokines. In addition, dasatinib suppressed upregulation
of CD86 induced by ODN2216 but not by ODN2006 (Support-
ing Information Fig. 4). Dasatinib also suppressed IL-6 production
induced by HSV-1 and influenza virus (Supporting Information
Fig. 5).

Neither dasatinib nor imatinib significantly reduced the viabil-
ity of pDCs stimulated with ODN2216 or ODN2006 (Supporting
Information Fig. 6).

Collectively, these data indicate that dasatinib strongly
suppresses the production of IFN-o, TNF-a, and IL-6 and
the expression of CD86 by pDCs stimulated with CpG-A or
natural viral ligands but not with CpG-B without reducing
viability.
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Figure 1. Dasatinib suppresses production of IFN-a and proinflammatory cytokines by pDGCs stimulated with CpG-A or viruses. (A) PBMCs were
stimulated with ODN2216, HSV-1, or influenza virus in the absence or presence of the indicated concentrations of TKIs for 24 h. The concentration
of IFN-u in the supernatants was measured in duplicate by ELISA. Because the absolute concentrations were variable depending on the donors, the
cytokine concentrations were normalized to the maximum value obtained without the TKIs. The data are shown as means + SE of 7 (ODN2216),
3 (HSV-1), or 6 (influenza virus) independent experiments. *p < 0.05, ¥p < 0.01, *™p < 0.001 between the data obtained without TKIs and those
obtained with each concentration of TKIs, paired two-tailed t-test. The means and ranges of absolute concentrations of IFN-a obtained without
TKIs are as follows: ODN2216 3874 pg/mL (703-9619 pg/mL); HSV-1 3014 pg/mL (632-5262 pg/mL); influenza virus 5334 pg/mL (2117-10 764 pg/mL).
(B) Purified pDCs were stimulated with ODN2216 in the absence or presence of the indicated concentrations of TKIs for 24 h. The concentration
of IFN-q in the supernatants was measured in duplicate by ELISA, and normalized to the maximum value obtained without TKIs. The data are
shown as means + SE of four experiments. *p < 0.01, *p < 0.001, paired two-tailed t-test. The mean and range of absolute concentrations of IFN-a
obtained without TKIs are 62 960 pg/mL (34 078-85 289 pg/mL).(C) Purified pDCs were stimulated with ODN2216 (CpG-A) or ODN2006 (CpG-B) in
the absence or presence of the indicated concentrations of dasatinib for 24 h. The concentrations of IFN-u, TNF-, and IL-6 in the supernatants
were measured in duplicate by ELISA, and normalized to the maximum value obtained without dasatinib. The data are shown as means + SE of 4
(IFN-a) and 3 (TNF-q, IL-6) independent experiments. *p < 0.05, *p < 0.01, ™p < 0.001, paired two-tailed t-test. The means and ranges of absolute
concentrations of IFN-q obtained without dasatinib are as follows: ODN2216 62 960 pg/mL (34 078-85 289 pg/mL); ODN2006 398 pg/mL (66-822
pg/mL). TNF-a: ODN2216 1443 pg/mL (1026-1935 pg/mL); ODN2006 849 pg/mlL (750-915 pg/mL). IL-6: ODN2216 3883 pg/mL (2173-5160 pg/mL);
ODN2006 4156 pg/mL (1483-7571 pg/mL).

Dasatinib reduces the IFN-«o-producing capacity of
pDCs in vivo

To examine whether administration of dasatinib also reduce
the IFN-a-producing capacity of pDCs in vivo, we stimulated
PBMCs from patients of CML or Ph* ALL with ODN2216 before
starting dasatinib (100 mg once a day) or nilotinib (400 mg
twice a day) and two time points after starting them, and mea-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

sured concentrations of IFN-o in the supernatants by ELISA.
Because the proportion of pDCs among PBMCs may vary dur-
ing the clinical course in each patient, we calculated absolute
amounts of IFN-a secreted from a single pDC to exclude the
influence of fluctuations of the pDC frequency. Information of
the patients is described in Supporting Information Table 1.
Dasatinib but not nilotinib significantly reduced the IFN-u-
producing capacity of pDCs (Fig. 2). This indicates that
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Figure 2. Dasatinib suppresses IFN-a production by pDCs in patients
with CML and Ph* ALL. PBMCs were obtained from 17 CML patients
and 3 Ph* ALL patients (ten patients for dasatinib and nilotinib each) at
three time points (before starting dasatinib or nilotinib (“before”), 2-3
weeks after starting the drugs (“after #1"), 4-8 weeks after starting the
drugs (“after #2”)). PBMCs were stimulated with ODN2216 for 24 h. The
concentration of IFN-¢ in the supernatants was measured by ELISA,
and the absolute amounts of IFN-a secreted from a single pDC were
calculated. The amounts of IFN-a after starting dasatinib or nilotinib
were normalized to the control value obtained before starting them.
Statistical significance was determined by paired two-tailed t-test. n.s.:
not significant. The means and ranges of the amounts of IFN-a before
starting dasatinib or nilotinib are as follows: dasatinib 0.39 pg (0.02-0.92
pg); nilotinib 0.25 pg (0.04-0.63 pg).

dasatinib suppresses the IFN-a-producing capacity of pDCs in vivo
as well.

SFK inhibitors suppress IFN-a production by pDCs
stimulated with CpG-A

Next, we investigated mechanisms by which dasatinib suppresses
cytokine production by pDCs. Because dasatinib strongly sup-
presses SFKs [5], we examined whether SFK inhibitors PP2 [17]
and SU6656 [18], suppress the production of IFN-o, TNF-a, and
IL-6 by pDCs stimulated with ODN2216. Whereas PP2 and SU6656
did not significantly reduce the viability of pDCs (data not shown),
these reagents suppressed the cytokine production in a dose-
dependent manner (Fig. 3A). In contrast, PP2 did not suppress
TNF-a and IL-6 production induced by ODN2006, and SU6656
significantly did so only at the highest concentration (Fig. 3B).
Thus, it is likely that inhibition of SFKs is responsible for the sup-
pressive effect of dasatinib on pDCs stimulated with CpG-A at least
in part.
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Figure 3. SFK inhibitors suppress production of IFN-a and proinflam-
matory cytokines by pDCs stimulated with CpG-A. (A) Purified pDCs
were stimulated with ODN2216 in the absence or presence of the indi-
cated concentrations of inhibitors or 10 uM PP3 for 24 h. The con-
centrations of I[FN-a, TNF-q, and IL-6 in the supernatants were mea-
sured in duplicate by ELISA, and normalized to the maximum value
obtained without the inhibitors. The data are shown as means + SE of
four (IFN-o) and three (TNF-q, IL-6) experiments. *p < 0.05, *p < 0.01,
**p < 0.001 between data obtained without kinase inhibitors and those
obtained with each concentration of inhibitors, paired two-tailed t-test.
The mean and range of absolute concentrations of IFN-o, TNF-¢, and
IL-6 obtained without the inhibitors are 55 157 pg/mL (26 553-12 1608
pg/mL), 421 pg/mL (194-590 pg/mL), and 2059 pg/mL (783-4389 pg/mL),
respectively. (B) Purified pDCs were stimulated with ODN2006 in the
absence or presence of the inhibitors for 24 h. The concentrations of
TNF-a and IL-6 in the supernatants from three experiments were ana-
lyzed asin (A). The mean and range of absolute concentrations of TNF-a
and IL-6 obtained without the inhibitors are 263 pg/mL (70-598 pg/mL)
and 1027 pg/mL (427-1902 pg/mL}), respectively.
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Dasatinib inhibits nuclear translocation of IRF7 and NF-xB
in pDCs stimulated with CpG-A

The earliest event leading to CpG ODN-induced IFN-a production
is endocytosis of CpG ODN by pDCs. Thus, we examined whether
dasatinib inhibits uptake of CpG ODN by pDCs. We observed
the intracellular localization of FITC-conjugated ODN2216 in the
absence or presence of dasatinib by confocal microscopy (Sup-
porting Information Fig. 7). Whereas pDCs kept on ice did not
endocytose ODN2216, pDC cultured at 37°C did. Dasatinib did
not inhibit the endocytosis of ODN2216. Thus, dasatinib targets a
signaling pathway(s) further downstream.

Upon stimulation with CpG ODN, TLR9 rapidly moves from
the ER to endosomes [19]. We have recently shown that a pro-
teasome inhibitor bortezomib inhibits the intracellular traffick-
ing of TLR9 in pDCs [20]. Thus, we next examined whether
dasatinib also inhibits this step. We stimulated purified pDCs
with ODN2216 in the absence or presence of dasatinib, and
examined whether TLR9 colocalizes with an ER marker (ER-
Tracker) or early endosomal markers (EEAl and Rab5) by
confocal microscopy. To quantitatively compare the degrees
of colocalization between culture conditions, we analyzed the
data using Manders’ Colocalization Coefficients [21,22] with
the Costes’ method of automatic thresholding [22,23]. Support-
ing Information Fig. 8A and B shows representative confocal
images and statistical analysis of pooled microscopy data, respec-
tively. TLR9 colocalized with ER-Tracker but not with EEAl
or Rab5 without stimulation. In contrast, TLR9 did not colo-
calize with ER-Tracker and instead colocalized with EEAl and
Rab5 after stimulation with ODN2216, indicating trafficking of
TLRY from the ER to early endosomes. TLR9 also colocalized
with EEA1 and Rab5 but not with ER-Tracker even in the pres-
ence of dasatinib. Thus, dasatinib does not inhibit the traffic-
king of TLR9 from the ER to endosomes induced by CpG ODN.

Stimulation of pDCs with CpG ODN induces the nuclear
translocation of two major transcription factors, IFN regula-
tory factor (IRF)7 and NF-«B [24]. IRF7 and NF-«B induce the
production of IFN-o and proinflammatory cytokines at the final
step of TLR signaling, respectively. Thus, we examined whether
dasatinib inhibits the nuclear translocation of these transcrip-
tion factors induced by ODN2216 in pDCs. Whereas IRF7 and
NF-«B are located in the cytoplasm in untreated pDCs, both of the
transcription factors moved to the nucleus after stimulation with
ODN2216 (Fig. 4). Dasatinib inhibited the nuclear translocation of
IRF7 and NF-«B, consistently with the suppression of production
of IFN-a and proinflammatory cytokines induced by ODN2216.

Dasatinib and a SFK inhibitor inhibit intracellular events
upstream of TLR9 engagement

Intracellular events after endocytosis of CpG DNA resulting in the
nuclear translocation of transcription factors are composed of (i)
trafficking of endosomes carrying CpG DNA (upstream of TLR9)
and (ii) signaling triggered by TLR9 engagement (downstream
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Figure 4. Dasatinib inhibits the nuclear translocation of IRF7 and NF-kB
in pDCs.Purified pDCs were stimulated with ODN2216 in the absence or
presence of dasatinib for 24 h. The cells were stained with rabbit anti-
IRF7 (top) or anti-NF-«kBp65 (bottom, both green). Nuclei were identified
using TOTO-3 dye (blue). The data shown are representative of three
experiments performed. Scale bars, 10 pm.

of TLR9). Chloroquine suppresses CpG-induced cellular activation
by inhibiting endosomal acidification and thus cleavage of the
ectodomain of TLRY necessary for downstream signaling [25],
resulting in suppression of IFN-a production by pDCs (data not
shown). Thus, we compared the effects of the three TKIs, PP2,
and chloroquine on CpG-induced IFN-a production and tyrosine
phosphorylation in pDCs. Because we could not extract suffi-
cient amounts of proteins from primary pDCs to obtain unam-
biguous results in Western blotting, we used a cell line derived
from blastic pDC neoplasm, CAL-1 [26]. As mixing ODN2216
with cationic liposome 1,2-dioleoyloxy-3-trimethylammonium-
propane (DOTAP) was necessary to induce CAL-1 to produce
IFN-a, we stimulated CAL-1 with the mixture of ODN2216 and
DOTAP. Dasatinib, PP2, and chloroquine suppressed IFN-a pro-
duction by CAL-1, as they did for primary pDCs (Supporting
Information Fig. 9A). The stimulation induced tyrosine phos-
phorylation of several proteins (Supporting Information Fig.
9B). Chloroquine did not inhibit the phosphorylation, indicating
that the tyrosine phosphorylation induced by CpG DNA occurs
upstream of TLR9 engagement. In contrast, dasatinib, but not
imatinib or nilotinib, inhibited the phosphorylation in a dose-
dependent manner. PP2 also did so. These data suggest that dasa-
tinib and PP2 inhibit intracellular events upstream of TLR9.
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Figure 5. Dasatinib, but not SFK inhibitors, inhibits the retention of CpG-A in early endosomes. Purified pDCs were cultured with FITC-conjugated
ODN2216 in the absence or presence of the TKIs or the SFK inhibitors for 90 min. The cells were stained with anti-EEA1 or anti-Rab5 mAb for
early endosomes, or anti-Rab7 mAb for late endosomes, followed by Alexa Fluor 555-conjugated goat anti-rabbit IgG. Alternatively, the cells
were stained with PE-conjugated mouse anti-LAMP-1 mAb for late endosomes and lysosomes. (A) Data shown are representative of three to five
experiments. Positive signals for both probes are shown in white. Scale bars, 5 um. (B) Statistical analysis of microscopy data pooled from three
to —five experiments. Each symbol represents a cell, and 15 cells were analyzed for each condition. The coefficient value represents the fraction
of green in compartments containing red. Statistical significance was determined by Mann-Whitney U-test with Bonferroni correction following
Kruskal-Wallis H-test.
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Dasatinib, but not SFK inhibitors, abrogates retention of
CpG-A in early endosomes

It has been shown that CpG-A is retained in early endosomes
together with the MyD88-IRF7 complex for a long period in pDCs
but not in conventional DCs [11,12]. This spatiotemporal regula-
tion of CpG trafficking is likely to enable prolonged activation of
the signaling complex, leading to prodigious production of IFN-u
by pDCs. Thus, we examined whether the TKIs (dasatinib, ima-
tinib) and the SFK inhibitors (PP2, SU6656) affect trafficking of
endosomes carrying CpG-A in pDCs by confocal microscopy. We
used EEA1 and Rab5 as early endosome markers, Rab7 as a late
endosome marker, and LAMP-1 as a lysosome marker. Figure 5A
and B shows representative confocal images and statistical anal-
ysis of pooled microscopy data, respectively. ODN2216 colocal-
ized with EEA1 and Rab5 rather than with Rab7 and LAMP-1
without any of the inhibitors, indicating retention of ODN2216 in
early endosomes. Notably, ODN2216 colocalized with Rab7 and
LAMP-1 rather than with EFAl and Rab5 in the presence of
dasatinib, indicating that dasatinib abrogates the retention of
ODN2216 in early endosomes. In contrast, ODN2216 remained
colocalized with EEA1 and Rab5 in the presence of imatinib.
Unexpectedly, ODN2216 also remained colocalized with EEA1
and Rab5 in the presence of PP2 or SU6656, indicating that the
SFK inhibitors as well as imatinib do not abrogate the retention
of ODN2216 in early endosomes. Collectively, these data suggest
that dasatinib, but not imatinib, abrogates retention of CpG-A in
early endosomes and facilitates trafficking to late endosomes and
lysosomes in pDCs by inhibiting protein kinases other than SFKs.

Discussion

pDCs represent a unique immune cell type in that they rapidly
produce a vast amount of IFN-a in response to nucleic acids
derived not only from pathogens but also from damaged self-cells.
Here, we showed that a TKI dasatinib potently suppresses IFN-o
production by pDCs without reducing cell viability. Importantly,
dasatinib abrogated retention of CpG-A in early endosomes and
facilitated the movement of CpG-A to late endosomes/lysosomes.
It is of note that this effect is independent of SFKs. This is the
first study showing the pharmacological interruption of the criti-
cal step for pDCs to produce IFN-q: prolonged localization of CpG
DNA in early endosomes [11, 12]. 1t sheds new light on the molec-
ular mechanisms by which pDCs perform their immune functions
and on the development of novel therapies for pDC-related inflam-
matory disorders.

Among the three TKIs (dasatinib, imatinib, nilotinib), dasa-
tinib most strongly suppressed IFN-o production by pDCs stim-
ulated with representative IFN-a inducers, ODN2216 (CpG-A),
HSV-1 (TLR9 ligand), or influenza virus (TLR7 ligand) at clini-
cally relevant, low concentrations. Although imatinib and nilotinib
also diminished IFN-a production, the effects were much weaker
than that of dasatinib and needed high concentrations. Dasatinib
also potently suppressed production of TNF-a and IL-6 as well as
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expression of CD86 by pDCs stimulated with ODN2216 (CpG-A).
However, the suppression of such responses induced by ODN2006
(CpG-B) was less marked. The main difference between CpG-A
and CpG-B is in the mode of their endosomal transport; CpG-A is
retained in early endosomes for a longer time than CpG-B [11,12].
Thus, the differential effects of dasatinib on the stimulation with
CpG-A and CpG-B imply that dasatinib may target certain func-
tions of early endosomes.

Importantly, dasatinib, but not nilotinib, significantly dimin-
ished the IFN-a-producing capacity of pDCs in patients treated
with these drugs. These data are consistent with the in vitro data,
and suggest that dasatinib suppresses the IFN-a-producing capac-
ity of pDCs in vivo as well.

Next, we examined the mechanisms by which dasatinib sup-
presses cytokine production by pDCs stimulated with CpG-A. Two
inhibitors of SFKs (PP2, SU6656) significantly suppressed produc-
tion of IFN-a, TNF-o, and IL-6 by pDCs stimulated with CpG-A
but not with CpG-B, consistent with the previous report [27]. Cor-
respondingly, dasatinib and PP2 suppressed CpG-triggered global
tyrosine phosphorylation in a pDC cell line CAL-1, but chloroquine
did not, suggesting that dasatinib and PP2 inhibits CpG-induced
intracellular events upstream of TLR9. Notably, however, dasa-
tinib but not PP2 or SU6656 abrogated prolonged localization of
CpG-A in early endosomes, and facilitated transport of CpG-A to
late endosomes/lysosomes. These data suggest that dasatinib sup-
presses IFN-a production by pDCs through inhibiting both SFK-
dependent and SFK-independent signaling pathways. Although
both of the pathways appears to be involved in the functions
of early endosomes necessary for responses to CpG-A, the data
of confocal microscopy indicates that only the SFK-independent
pathway is responsible for the prolonged localization of CpG-A in
early endosomes.

The mechanisms by which an aggregated form of CpG DNA is
retained in early endosomes in pDCs for a long period remain to
be elucidated. It has been shown that an aggregated form of CpG
DNA rapidly goes to late endosomes/lysosomes in conventional
DCs in mice [11], suggesting that pDCs have distinctive mech-
anisms for retention of CpG DNA in early endosomes. A wide
variety of protein kinases is involved in endocytic pathways [28].
Dasatinib targets a broad array of tyrosine kinases and several ser-
ine/threonine kinases [29-32]. Thus, dasatinib may affect endo-
somal trafficking in pDCs by inhibiting certain protein kinases
other than SFKs involved in early-to-late endosome transition.

In this context, two recent studies have shown that the machin-
ery of lysosome-related organelle biogenesis is essential for TLR7
and TLR9 signaling in pDCs but not in conventional DCs. Sasai
et al [33] have reported that the adaptor protein (AP)-3 com-
plex is responsible for trafficking of TLR9 to IRF7* endosomes
but not to NF-kB* endosomes using mouse macrophages, and
that AP-3 is necessary for the production of IFN-a but not IL-12
by mouse pDCs. Blasius et al. [34] have reported that an oligo-
peptide transporter Slc15a4 and three protein complexes involved
in Hermansky-Pudlak syndrome (AP-3, biogenesis of lysosome-
related organelles complex (BLOC)-1, BLOC-2) are required for
production of both IFN-a and proinflammatory cytokines by pDCs
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stimulated with TLR7 or TLR9 ligands. Slc15a4 [35] and the three
complexes [36] are located in early endosomes, and BLOC-1 is
necessary for sorting certain cargoes from early endosomes to
lysosome-related organelles [37]. Together with these findings,
the present study suggests that distinctive properties of early endo-
somes in pDCs, which is affected by dasatinib, are crucial for the
large amount of IFN-a production. Although vesicle traffic path-

" ways for TLR7 ligands to induce IFN-a has not been reported, the

involvement of Slc15a4 [34] and AP-3 [33] in type I IFN produc-
tion by pDCs stimulated with TLR7 ligands suggests that dasatinib
targets similar machineries for IFN-a induction by TLR7 and TLR9
ligands.

In conclusion, dasatinib strongly suppresses the production of
IFN-a and proinflammatory cytokines by pDCs stimulated with
CpG-A, most likely by inhibiting both SFK-dependent and inde-
pendent pathways, the latter of which is responsible for the pro-
longed localization of an aggregated form of CpG DNA in early
endosomes. Protein phosphorylation is at the heart of controlling
the physical properties of endocytosis and of integrating them with
signal transduction networks of the cell [28]. Thus, the present
study provides a clue to dissect molecular mechanisms for the dis-
tinctive behavior of endosomes in pDCs as well as possibilities to
develop novel therapies for inflammatory disorders by targeting
the endosomal trafficking in pDCs.

Culture media and reagents

RPMI 1640 (Wako, Osaka, Japan) supplemented with 10% heat-
inactivated FBS (Equitec-Bio, Inc., Kerrville, TX, USA), 2 mM
L-glutamine, penicillin G, streptomycin (Gibco BRL, Carlsbad, CA,
USA), and 10 mM HEPES (Nacalai Tesque, Kyoto, Japan) were
used for cell culture. Dasatinib (provided by Bristol-Myers Squibb
Company), imatinib, and nilotinib (provided by Novartis Pharma)
were dissolved in DMSO (Nacalai Tesque) at 100 mM as a stock
solution and were stored at —20°C. A SFK inhibitor PP2 and its
negative control PP3 were purchased from Calbiochem (Darm-
stadt, Germany), and a SFK inhibitor SU6656 was purchased from
Cayman Chemical (Ann Arbor, MI, USA). HSV-1 (KOS strain, a gift
from Dr. Masaki Yasukawa (Ehime University, Ehime, Japan)) was
attenuated with UV irradiation. Influenza virus (1052 median tis-
sue culture infective dose/0.2 mL of A/Niigata/05F254/2006, a
kind gift from Dr. Reiko Saito (Niigata University, Niigata, Japan))
was inactivated at 56°C for 30 min. A cell line derived from blastic
plasmacytoid dendritic cell neoplasm CAL-1 was described previ-
ously by Maeda et al. [26].

Isolation of pDCs

This study was approved by the Institutional Review Board
of the Graduate School of Medicine at Kyoto University and
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abides by the tenets of the Declaration of Helsinki. PBMCs were
obtained from healthy donors with written informed consent.
CD4+CD11c lin~ cells were isolated as pDCs as described [38],
using FACSAria cell sorter (BD Biosciences, San Jose, CA, USA).
Reanalysis of the sorted cells confirmed a purity of more than
98%.

Cell culture

PBMCs were plated in flat-bottom, 96-well plates at 4 x 10°
cells/200 L. Purified pDCs were plated in round-bottom, 96-
well plates at 4 x 10* cells/200 pL, except culture for stim-
ulation with ODN2006 where the cells were plated at 1 x
105 cells/200 pL. The cells were pretreated with indicated
concentrations of TKIs or SFK inhibitors for 1 h, and were
stimulated with 0.5 uM ODN2216 (CpG-A) [16], ODN2006
(CpG-B) [39] (Operon Biotechnologies, Huntsville, AL, USA),
10% PFU/mL HSV-1, or 0.5% vol/vol influenza virus without
removing the inhibitors for 24 h. For control culture, DMSO
was added instead of the inhibitors. The cells were used for
flow cytometry, and the supernatants were used for ELISA.
For confocal analyses, pDCs were cultured for indicated time
periods.

Analysis of cell viability

The cultured pDCs were stained with FITC-conjugated
CELL LAB ApoScreen annexin V (Beckman Coulter, Orange
County, CA, USA) and propidium iodide, and were ana-
lyzed for viability by flow cytometry with the FACSCal-
ibur, and data were analyzed with CellQuest software
(BD Biosciences).

Analysis of cytokine production by ELISA

Concentrations of cytokines in the supernatants were measured
by ELISA. The following reagents were used: the human IFN-a
module set (Bender MedSystems, Vienna, Austria) and the human
TNF-a and IL-6 ELISA MAX Standard sets (BioLegend, San Diego,
CA, USA).

Analysis of patient samples

Peripheral blood samples were obtained from 17 CML (chronic
phase) patients and three Ph* ALL patients who newly started
dasatinib or nilotinib, at three time points (before, 2-3 weeks
after, and 4-8 weeks after starting dasatinib or nilotinib) under
the approval by the Institutional Review Board of the Graduate
School of Medicine at Kyoto University and with written informed
consent. PBMCs isolated with Lympholyte-H (CEDARLANE,
Burlington, Ontario, Canada) were stained with FITC-conjugated
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anti-BDCA-2 (CD303) mAb (Miltenyi Biotec, Bergisch Gladbach,
Germany), and pDCs were identified as BDCA-2* cells with
the FACSCalibur. Dead cells were excluded by staining with
propidium iodide. Absolute numbers of pDCs in the wells
were calculated from numbers of PBMCs and percentages of
BDCA-2" cells among PBMCs. The PBMCs were cultured in flat-
bottom, 96-well culture plates at 4 x 10° cells/200 wL in the
presence of 0.5 wuM ODN2216 for 24 h. Culture supernatants were
analyzed for concentrations of IFN-a by ELISA. The amounts of
IFN-a secreted from a single pDC were calculated by dividing the
amounts of IFN-a in the supernatants by absolute numbers of
pDCs.

Western blotting

CAL-1 cells were pretreated for 1 h with 10 uM PP3, 10 pM
PP2, 10 pM chloroquine (WAKO), 5 pM imatinib, 1 wM nilo-
tinib, or indicated concentrations of dasatinib. The cells were
stimulated with DOTAP Liposomal Transfection Reagent (Roche
Applied Science, Penzberg, Germany) alone or 1 uM ODN2216
plus DOTAP for 1 h without removing the inhibitors. The
cells were lysed directly in sample buffer containing 1%SDS,
boiled, and diluted tenfold with 1% Triton X-100-containing
lysis buffer. The cell extracts were fractionated by SDS-PAGE
and transferred to Immobilon-P transfer membranes (Millipore,
Billerica, MA, USA), using a wet transfer apparatus (Bio-Rad
Laboratories, Hercules, CA, USA). The membranes were incu-
bated with HRP-conjugated anti-phosphotyrosine mAb (PY20)
(Transduction Laboratories, Lexington, KY, USA) or anti-B-actin
mADb (Sigma, St. Louis, MO, USA) for 1 h. After a wash with
TBS-T (25 mM Tris-HCl (pH 7.4), 137 mM NacCl, 2.7 mM KCl, and
0.1% Tween 20), peroxidase activity was detected with Pierce
Western Blotting Substrate (Thermo Scientific, Waltham, MA,
USA).

Confocal microscopy

To observe uptake of CpG ODN, purified pDCs were cultured
in the absence or presence of 100 nM dasatinib for 1 h, and
were incubated with 6 wM FITC-conjugated ODN2216 (Invivo-
Gen, San Diego, CA, USA) for 3 h without removing dasatinib. The
cells were harvested, washed, stained with PE-conjugated anti-
HLA-DR mAb (BD Biosciences), and fixed with 2% paraformalde-
hyde. pDCs cultured without dasatinib and with FITC-conjugated
ODN2216 on ice were used as .a negative control for
endocytosis.

To observe translocation of TLRY from ER to endosomes, pDCs
were cultured in the absence or presence of 30 nM dasatinib
for 1 h, and were stimulated with 0.5 pM ODN2216 without
removing dasatinib for 2 h. ER-Tracker Red (Invitrogen, Carls-
bad, CA) was added for 30 min before harvest. After fixation with
4% paraformaldehyde for 5 min at room temperature, permeabi-
lization with 0.1% Triton X-100 for 5 min at —20°C, and blocking
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with 10% goat serum, the cells were stained with rabbit anti-EEA1
mAb (C45B10) or rabbit anti-Rab5 mAb (C8B1) (Cell Signaling
Technology, Danvers, MA, USA) followed by Alexa Fluor 555-
conjugated goat anti-rabbit IgG (Cell Signaling Technology), and
were stained with biotinylated mouse anti-TLR9 mAb (26C593.2)
(IMGENEX, San Diego, CA, USA) followed by Alexa Fluor 488-
conjugated streptavidin (Invitrogen).

To observe nuclear translocation of IRF7 and NF-kB, pDCs were
cultured in the absence or presence of 30 nM dasatinib for 1 h,
and were stimulated with 0.5 uM ODN2216 without removing
dasatinib for 3 h. After fixation with 2% paraformaldehyde for 15
min at 37°C, permeabilization with 100% methanol for 10 min at
—20°C, and blocking with 10% goat serum, the cells were stained
with rabbit anti-IRF7 (sc-9083) or NF-kBp65 (sc-109) polyclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) fol-
lowed by Alexa Fluor 488-conjugated goat-anti rabbit IgG (Invit-
rogen). Nuclei were identified using TOTO-3 dye (Invitrogen).

To observe intracellular trafficking of CpG ODN, pDCs were
cultured in the absence or presence of 30 nM dasatinib, 5 uM
imatinib, 10 uM PP2, or 5 uM SU6656 for 1 h, and were incu-
bated with 6 uM FITC-conjugated ODN2216 without removing
the inhibitors for 90 min. After fixation with 4% paraformalde-
hyde for 5 min at room temperature, permeabilization with 0.1%
Triton X-100 for 5 min at —20°C, and blocking with 10% goat
serum, the cells were stained with anti-EEA1, anti-Rab5 mAb,
or rabbit anti-Rab7 XP mAb (D95F2), followed by Alexa Fluor
555-conjugated goat anti-rabbit IgG (Cell Signaling Technology).
Alternatively, the cells were stained with PE-conjugated mouse
anti-LAMP-1 mAb (BioLegend) after blocking for 30 min using
Image-iT FX signal enhancer (Invitrogen).

The cells were attached to slide glass by cytospin centrifuge and
examined with an oil immersion objective (x60 Plan Apo, numer-
ical aperture 1.4) by LSM510 META confocal microscope (Carl
Zeiss, Oberkochen, Germany). Data were acquired with LMS5 soft-
ware Version 3.2 (Carl Zeiss).

Colocalization analysis

Images were analyzed with Fiji (http://fiji.sc/wiki/index.
php/Fiji), an image-processing package based on ImageJ. Colo-
calization amounts were analyzed using Manders’ Colocaliza-
tion Coefficients [21,22] with the Costes’ method of automatic
thresholding [22,23] using the Coloc2 plug-in. The coefficient
value represents the fraction of green in compartments containing
red.

Statistical analyses

Data are presented as means =+ SE. The significance of differences
was determined by paired two-tailed t-test for cytokine and viabil-
ity data and by Mann-Whitney U-test with Bonferroni correction
following Kruskal-Wallis H-test for microscopy data. Difference
with p < 0.05 was considered significant.
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Direct binding of Grb2 has an important role in the development
of myeloproliferative disease induced by ETV6/FLT3

Leukemia advance online publication, 14 December 2012;
doi:10.1038/leu.2012.333

FMS-like tyrosine kinase 3 (FLT3) is one of the most frequently
mutated genes in hematological malignancies.! The most
common mutations of FLT3 are internal tandem duplications
(ITDs) within the juxtamembrane domain, which occur in 20% to

30% of patients with acute myeloid leukemia (AML).>* Although

FLT3 is a potential therapeutic target in AML, recent studies
involving FLT3 inhibitors as single agents in patients with AML
showed limited clinical responses.* FLT3 has been reported to fuse
to ETV6 (TEL) in a few cases of myeloid/lymphoid neoplasms with
eosinophilia (MLN-eo) carrying a translocation t(12;13)(p13;q12).>®
Although it has been shown that ETV6/FLT3 acts as a
constitutively active tyrosine kinase, the molecular mechanisms
underlying  ETV6/FLT3-mediated  leukemogenesis  remain
incompletely understood.”™

We identified a novel ETV6/FLT3 variant fusion transcript (E/F-1)
in a MLN-eo patient (Supplementary Figures S1A and B) and
investigated the transforming properties of ETV6/FLT3 in vivo
using a murine bone marrow transplant (BMT) model."®"" E/F-1-
transduced recipients developed an aggressive polyclonal
myeloproliferative disease (MPD) in 100% of recipient mice with
a latency of 3-4 weeks, as evidenced by marked leukocytosis,
splenomegaly and massive expansion of myeloid cells in
peripheral blood, spleen and bone marrow (Figures 1A-C). In this
mice model, eosinophilia was not observed. Flow cytometric
analysis of the peripheral blood from E/F-1 mice showed a large
population of EGFP*/Mac-11/Gr-1* cells. In primary E/F-1 mice,
serial passage was performed by transferring a 1:1 mixture of
spleen and bone marrow cells to sublethally irradiated recipient
mice. This resulted in hematopoietic malignancies in most of the
recipient mice receiving five different primary tumors. For three of
the primary tumors, it was possible to transmit the MPD for at
least one round. In all cases of serial passage, the MPD
transformed into aggressive T-lymphoblastic lymphoma (T-LBL)
with a latency of 4-17 weeks (Figure 1E, Supplementary Figure
S2B). Most lymphoma occurred in the thymus or abdominal lymph
nodes, and some of the secondary recipient mice displayed
leukocytosis, generalized lymphadenopathy or hepatosplenome-
galy. Histopathological examination revealed that the architecture
of the lymph nodes and the thymus was completely effaced and
that they contained a uniform population of lymphoblasts. The
liver showed prominent periportal, lobular and sinusoidal infiltra-
tion by lymphoma cells (Figure 1D). Flow cytometric analysis of
spleen cells revealed that the lymphomas typically showed an
immature T-cell immunophenotype characterized by expression of
both CD4 and CD8 (Supplementary Figure S2A). Affected tissues
from secondary diseased mice contained proviral integrations
identical to those in the primary MPD mouse (Figure 1F). ETV6/
FLT3-induced T-LBL was transplantable, with all tertiary transplant
recipients rapidly succumbing to T-LBL at 4-7 weeks after transfer
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arising from common clones identified in the secondary mice
(Supplementary Figure S2C).

Previous studies have shown that FLT3-ITDs induce a
lethal MPD in mice and that tyrosine residues 589 and 591 in
the juxtamembrane domain of FLT3 are critical  for STATS
phosphorylation and generation of the MPD phenotype.’® We
also demonstrated the corresponding results for FLT3-ITD in
our murine BMT experiment (Supplementary Figures S3A and B).
On the other hand, mice that received the double tyrosine-
to-phenylalanine mutant of E/F-1 at sites 589 and 591 (Y589/591F)
in the juxtamembrane domain of FLT3 developed a similar MPD
(Supplementary Table S1). There was no significant difference in
survival between recipients of E/F-1 vs Y589/591F, with both mice
groups succumbing to a fatal MPD within a median survival time
of 18 and 19.5 days, respectively (P=0.284; Figure 1C). The Y589/
591F mutation did not abrogate STATS5, Erk1/2 and Akt activation
in Ba/F3 cells transformed by E/F-1 (Supplementary Figure S4),
which is consistent with the previous studies using a deletion
mutant of the FLT3 juxtamembrane domain in ETV6/FLT3.”

Growth factor receptor-binding protein 2 (Grb2) is an adaptor
protein known to bind several receptor tyrosine kinases. Grb2
binds the scaffolding protein Grb2-associated binder 2 (Gab2) and
contributes to survival signaling in ligand-activated wild-type
FLT3.'? A recent study has shown that tyrosines 768, 955 and 969
of FLT3 are the direct Grb2-binding sites of importance for FLT3-
ITD-mediated proliferation and survival of hematopoietic cells
in vitro as a result of STAT5 activation via Gab2."® However, there
have been no reports regarding the in vivo effects of direct Grb2
binding by oncogenic FLT3 in leukemogenesis. Thus, we
investigated the role of Grb2 binding in ETV6/FLT3-mediated
leukemogenesis. Inspection of the ETV6 portion of the fusion
protein revealed only two candidate tyrosines for direct binding of
Grb2 at positions 314 and 354. To test whether Grb2 binds directly
to ETV6/FLT3, we made a series of Grb2-binding mutants of ETV6/
FLT3 (Figure 2a). The Y314/354F double point mutant (2F) and the
Y768/955/969F triple mutant (3F-1) of E/F-1 showed a reduced
ability to bind Grb2 as compared with the E/F-1. Furthermore,
when we mutated tyrosines 314 or 354 to phenylalanine in the
context of the Y768/955/969F triple mutant, the association of
ETV6/FLT3 with Grb2 was significantly reduced as compared with
the Y768/955/969F triple mutant. Finally, when we mutated all five
specific tyrosines (Y314/354/768/955/969) to phenylalanine, we
observed that ETV6/FLT3 was no longer able to bind Grb2
(Figure 2b). Simultaneous mutation of these five tyrosine residues
resulted in an absence of Gab2 phosphorylation, and impaired
activation of STATS5, Erk1/2 and Akt in Ba/F3 cells (Figure 2¢). ETV6/
FLT3 variant E/F-2, which lacked the Grb2-binding sites of ETV6,
was unable to bind to Grb2 when all three Grb2-binding sites of
FLT3 were mutated (Figure 2b). This Y768/955/969F triple mutant
of E/F-2 (3F-2) was also unable to phosphorylate Gab2 and
showed weaker activation of STAT5, Erk1/2 and Akt as compared
with E/F-2 in Ba/F3 cells (Figure 2c). Both E/F-1 and E/F-2
transformed bone marrow cells to be capable of cytokine-
independent growth in methylcellulose medium. Transformation
was significantly decreased in the 5F and 3F-2 mutants, which



