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CD22 (also known as Siglec-2) is a member of the Siglec
family of glycan-recognition proteins and functions as a
negative regulator of the B-cell receptor-mediated calcium
signaling. Although the low level of CD22 expression on the B
cells in patients with chronic lymphocytic leukemia (CLL) has
been documented, CD22’s role and its downregulation mech-
anism in CLL are yet to be fully studied. In this study, we
confirmed that the surface CD22 protein and its mRNA are
downregulated in the B cells of CLL patients. We analyzed a
public transcriptomic dataset and found that the CD22 mRNA
level is negatively associated with the prognosis of patients with
CLL. To investigate the mechanism of CD22 downregulation,
we characterized the minimal promoter of the human CD22
gene required for its transcriptional activation in B cell lines.
We employed an unbiased proteomic approach to identify
several transcription factors binding to the minimal CD22
promoter, including PU.1, Spi-B, and IRF4. The chromatin
immunoprecipitation-quantitative PCR revealed that PU.1 was
enriched in a CD22-high cell line, while IRF4 was enriched in a
CD22-low cell line. We then conducted overexpression/
knockout/knockdown experiments, which validated that PU.1
and Spi-B positively, and IRF4 negatively, regulate CD22
transcription. Our study thus provides insights into the tran-
scriptional regulation of CD22 and the mechanism by which
CD22 expression is downregulated in the B cells of patients
with CLL.

Chronic lymphocytic leukemia (CLL) is the most common
form of leukemia in adults (1, 2). While it is generally indolent,
a subset of CLL patients (e.g., those with unmutated immu-
noglobulin heavy chain variable region (/GHV)) has a poorer
prognosis (3, 4). Since the malignant B cells in CLL require B
cell receptor (BCR) signaling for survival (5), targeting the BCR
signaling pathway using small-molecule inhibitors, such as
Ibrutinib (targeting Bruton’s tyrosine kinase) and Idelalisib
(targeting phosphatidylinositol 3-kinase &), has proven suc-
cessful in the management of CLL (6, 7). However, resistance
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to these inhibitors can develop during the treatment (8), and
alternative therapeutic approaches are being explored (9, 10).

CD22, also known as Siglec-2, is a member of the Siglec
family of glycan-recognition proteins expressed primarily on B
lymphocytes and negatively modulates BCR signaling (11, 12).
The cross-linking of CD22 can induce apoptosis through the
downregulation of the anti-apoptotic member(s) (13) or the
upregulation of a pro-apoptotic member (14) of the BCL2
family. Immunotherapies targeting CD22, including unmodi-
fied or drug-conjugated anti-CD22 antibodies and chimeric
antigen receptors against CD22, have been developed as
treatments against B cell leukemia and lymphoma (15, 16).
CD22 has been found to be downregulated in B cells derived
from CLL patients (17-19), but the clinical significance and
the mechanism underlying this observation remain unclear.
The mechanism of CD22 downregulation in CLL B cells is of
clinical interest, as the CD22 protein’s low expression may be
correlated with the inefficiency of CD22-targeting drugs
against CLL (20, 21).

The CD22 protein expression can be regulated at multiple
levels, including transcriptional, post-transcriptional, and
posttranslational levels. For example, past research has found
post-transcriptional regulation of CD22 by microRNAs (22)
and posttranslational regulation of CD22 protein by internal-
ization through the clathrin-mediated pathway (23). Never-
theless, our preliminary analysis of a published transcriptomic
dataset (Gene Expression Omnibus accession number:
GSE36907) indicated that the CD22 mRNA level is lower in
the B cells of CLL patients than in the CD5" B cells of healthy
donors (i.e., the putative normal counterpart of CLL B cells
(24)), suggesting that transcriptional regulation may play a
major role in CD22 protein expression. Based on DNA se-
quences, a previous study offered a preliminary characteriza-
tion of human CD22 promoter and predictions for the
transcription factor—binding sites (25). Another previous study
reported bioinformatic analysis of putative mouse Cd22 pro-
moter region and predicted putative-binding sites for several
transcription factors (26). However, it remains unknown which
transcription factors are involved in the transactivation or
repression of human CD22 and whether any of these factors
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can explain the downregulation of CD22 protein in the B cells
of CLL patients.

To understand the transcriptional regulation mechanism of
human CD22, we defined the minimal promoter of human
CD22 and identified the transcription factors that bind to it
using an unbiased proteomic approach. The cotransfection
experiment and chromatin immunoprecipitation-quantitative
PCR (ChIP-qPCR) analysis using B cell lines revealed PU.1
and Spi-B as positive regulators and IRF4 as a negative regu-
lator of CD22 transcriptional regulation in B cells. The genetic
manipulation of these transcription factors in the B cell lines
revealed their possible roles in the downregulation of CD22 in
CLL B cells. Our study thus illustrates the basic mechanism of
CD22 transcription in B cells and its dysregulation in CLL B
cells.

Results

Downregulation of CD22 at the transcriptional level in B cells
from CLL patients correlates with poor prognosis

To confirm the previous reports that CD22 is down-
regulated in the B cells of CLL patients, we used flow cytom-
etry to analyze the peripheral blood B cells from CLL patients
and those from healthy donors. Indeed, we found that the
CD22 protein expression level on the B cells of CLL patients
was significantly lower than that on the B cells from healthy
donors (Fig. 14; p < 0.0001, Mann-Whitney test). Moreover,
we observed a positive correlation (R* = 0.69; R = 0.83) be-
tween the CD22 transcript (by RNA-Seq) and the CD22
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protein levels (by flow cytometry) for the patients with CLL
(Fig. 1B), suggesting that the downregulation of CD22
expression in CLL B cells is likely regulated at the transactional
level.

Next, to check whether the CD22 expression level is asso-
ciated with the prognosis of CLL patients, we employed a
publicly available dataset for Spanish CLL patients (n = 263)
(27, 28). We stratified the patients in this dataset into IGHV-
mutated (mCLL, » = 168) and IGHV-unmutated (uCLL,
n = 95), as the prognoses for these groups are different (3, 4)
and could confound the association analysis. Among the pa-
tients with mCLL, the prognosis of the CD22'°" patients was
significantly poorer than that of the CD22"" patients (Fig. 1C;
p = 0.00414, log-rank test). Though a trend in the same di-
rection was observed among the patients with uCLL, it did not
attain statistical significance (Fig. 1D; p = 0.332, log-rank test).
These observations are consistent with CD22 protein’s role in
downregulating the BCR signaling, which is essential for the
survival of CLL B cells (5).

Characterization of minimal human CD22 promoter sequence

The results suggest that CD22 is downregulated in the B
cells of CLL patients at the transcriptional level. However, the
mechanism of the transcriptional regulation of CD22 is poorly
understood. To characterize and compare the CD22 promoter
activity in cell culture, we analyzed the CD22 expression in two
CLL cell lines (JVM-3 and MEC-1) and a non-CLL cell line
(BJAB, a human Burkitt lymphoma cell line) at both the

8000

S 6000 e
Pt R?=0.6886
Q
- -
° 4000
o
N
S 2000
© [ ]

n [ ]

v T T T T 1

0 100 200 300 400 500
CD22 mRNA (TPM)
CD22 Without IGHV Mutation

1.0
2 o8
Qo
©
g 06
e
.g 04 €D22""IGHV T
® 029  p=033242 cozz"IGHV T

optimal cutoff=7.15

T
30 Year

number at risk
-= 51 3 15 2 1 1

Figure 1. Downregulation of CD22 in the B cells of CLL patients and its association with disease prognosis. A, expression of the CD22 protein on the B
cells from patients with CLL and healthy donors. n = 20 (healthy donors) and 18 (CLL patients), respectively. ****p < 0.0001 (Mann-Whitney test). B,
correlation between the CD22 transcript and the protein expression levels in Taiwanese patients with CLL. C and D, the transcriptomic data of Spanish CLL
patients were stratified into (C) IGHV-mutated (n = 168) and (D) IGHV-unmutated (n = 95) datasets and analyzed for the correlation between the CD22
transcript level and patient survival. The optimal cut-off was determined for each group with the cutp function in survMisc (60), an R package. MFI, median

fluorescence intensity; TPM, transcripts per kilobase million.
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protein and mRNA levels (Fig. 2, A and B). The two CLL cell
lines, we found, have lower CD22 expressions than the control
BJAB cell line, mirroring the trend of the CD22 expression
observed in B cells from primary CLL patients and healthy
donors.

A previous study characterized the CD22 promoter region
and identified its transcriptional start site (TSS; i.e., the first
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nucleotide of exon 1) (25). However, the exon 1 sequence
described in that study does not match the sequence in the
reference human CD22 c¢cDNA (GenBank NM_001771) or
other transcripts (Fig. S1). To characterize the CD22 promoter,
we prepared a reporter construct containing 1499 nucleotides
upstream and 415 nucleotides downstream of the reported
TSS  (-1499/+415; corresponding to  GRCh38/hg38
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Figure 2. Characterization of CD22 minimal promoter. A, CD22 surface protein expression and (B) CD22 mRNA levels in two CLL cell lines (JVM-3 and
MEC-1) and one non-CLL cell line (BJAB). C, deletion of CD22 promoter to identify the regions required for its transcriptional activation in BJAB cells. The
firefly luciferase activities were normalized with a codelivered Renilla luciferase reporter under the PGK1 promoter. D, fine mapping of the region required
for CD22 transcriptional activation in BJAB cells. E and F, luciferase assay with (F) mutated GC-box and (F) mutated E-box or PU.1-binding site in the CD22
promoter. *p < 0.05, **p < 0.01, ****p < 0.0001, ns: p > 0.2; p value is indicated when 0.2 > p > 0.05 (ANOVA with Tukey’s post hoc test). n = 3 (independent

experimental replicates).
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chr19:35,327,524-35,329,430) by performing PCR amplifica-
tion of this region from the genomic DNA of JVM-3 cells
(Fig. S2A). This segment, we found, exhibited transcriptional
activity in the BJAB cell line that expresses CD22 at a high level
(indicating active transcriptional machinery for CD22)
(Fig. 2C).

To narrow down the core CD22 promoter sequence for
identifying the critical transcription factor-binding sites, we
constructed several deletion variants of the CD22 promoter in
the reporter plasmid. In the first round of deletion, interest-
ingly, we found that the CD22 promoter region of the nucle-
otide sequence from -362 to +176 (corresponding to GRCh38/
hg38 chr19:35,328,655-35,329,191) exhibited the highest re-
porter activity in the BJAB cells, while the CD22 promoter
variants with 3’ end deletion to +71 that was previously re-
ported in (25) showed significantly lower reporter activity
(Fig. 20).

Starting from the -362/+176 region of the CD22 promoter,
we further deleted the promoter to identify the minimal pro-
moter of CD22 (Fig. 2D). We found that +88 to +176 of the
CD22  promoter (corresponding to  GRCh38/hg38
chr19:35,329,103-35,329,191; with the 3’ overlapping with the
5" end of most CD22 transcripts) is required for the maximum
transactivation of the reporter gene in the BJAB cells. By
comparing the genomic DNA sequences (29), we found that
there are GC-box, PU.1, and E-box elements that are
conserved between different mammals (Fig. S3). Deleting these
DNA elements in the CD22 promoter also reduced promoter

Capture DNA probe

activity (Fig. 2D). Further, mutations in these elements atten-
uated the reporter gene expression (or showed a trend toward
attenuation) in BJAB cells (Figs. 2, E and F; S2B), suggesting
that these elements may be involved in the transactivation of
CD22.

Identification of the transcription factors that bind to the
minimal CD22 promoter using an unbiased proteomics
approach

We hypothesized that the B cells from CLL patients may
lack a transcriptional activator that upregulates CD22 tran-
scription or overexpress a transcriptional repressor that
downregulates it. To identify the transcriptional activators/
repressors that bind to the minimal promoter of human CD22
in an unbiased manner, we adapted a proteomic approach (30,
31) by using the CD22 minimal promoter (+88/+178) as a bait
to pull down the transcription factors from the nuclear ex-
tracts of the BJAB and MEC-1 cell lines (Fig. 34). We also
prepared two probes with mutations in the GC-box and E-box
elements and used them in the pulldown experiments in
parallel. The proteins pulled down with these DNA probes
were identified by proteomic analysis with liquid
chromatography-coupled tandem mass spectrometry and
quantified using MaxQuant software (32). We annotated the
identified proteins with PANTHER (33), filtered the proteins
involved in transcriptional regulation (i.e., PANTHER Protein
Class annotation contains “transcription”), and compared their
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Figure 3. Identification of the candidate transcription factors by DNA pulldown proteomics. A, biotinylated DNA fragment corresponding to the
minimal CD22 promoter (+88/+176) was immobilized on magnetic beads and used for the pulldown of proteins from the nuclear extracts of BJAB (CD22-
high) and MEC-1 (CD22-low) cell lines. The DNA-protein complex was released by cleavage with EcoRI (extended at 5’ end), digested with LysC and trypsin,
and the proteins therein were identified by liquid chromatography-coupled tandem mass spectrometry (LC-MS?). The amount of each protein (by LFQ using
MaxQuant) was normalized by the total amount of proteins in the sample. The comparisons of proteins (B) extracted from BJAB versus MEC-1, (C) extracted
from BJAB with WT versus GC-box mutant probes, and (D) extracted from BJAB with WT versus E-box mutant probes are shown. The proteins whose
abundance in one sample exceeds twice that in the other sample and are statistically significant (nominal p < 0.05) are labeled.
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relative abundances [1] between the proteins pulled down
from the BJAB and MEC-1 and [2] between the proteins pulled
down with the WT and mutant probes (Figs. 3, B—D, and S4).

We found that the transcription factors, such as GATA4,
POU2F1 (aka Oct-1), and SPI1 (aka PU.1), were enriched in
the samples pulled down from BJAB, whereas RUNX3, IRF4,
and RBPJ were enriched in the samples pulled down from
MEC-1 (Fig. 3B). Since the BJAB cells demonstrated higher
CD22 transcription than the MEC-1 cells (Fig. 2B), the tran-
scription factors enriched in the BJAB samples are more likely
to be positive regulators of CD22, while the transcription
factors enriched in the MEC-1 samples could serve as tran-
scription repressors for CD22.

We found that the putative GC-box (encompassing the
conserved GGxGxGG motif) on the CD22 promoter is
critical for its transactivation (Fig. 2, D and E). Indeed, we
observed that many transcription factors lost their binding
to the CD22 promoter with the mutated GC-box (Fig. 3C).
However, the effect of the mutation of the putative E-box
(encompassing the conserved AGA motif) was less pro-
nounced (Fig. 3D). The mutations of these motifs had
limited effects on the pulldown of the transcription factors
in MEC-1 (Fig. S4).

Validation of transcription factors regulating CD22
transcription

To validate our findings from the proteomics analysis, we
selected several identified transcription factors relevant to the
B cells or CLL based on the literature and tested their impact
on the reporter gene expression under the minimal CD22
promoter in the 293T cells by cotransfection. We found a
strong activation of the reporter expression by PU.1 and Spi-B
(the protein products of SPII and SPIB, respectively) and a
moderate activation by Ikaros and Aiolos (the protein products
of IKZFI and IKZF3, respectively), whereas Pax-5 and Oct-1
(the protein product of PAXS and POUZ2FI) may negatively
regulate CD22 transcription (Fig. 4A). We also tested the
combination of these transcription factors, finding that Spi-B
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may synergize with Ikaros and Aiolos, whereas Pax-5 and
Oct-1 suppressed the reporter expression even in the presence
of transcriptional activators (Fig. 4B).

Regulation of CD22 transcription by PU.1, Spi-B, and IRF4

We performed ChIP-qPCR analysis using the BJAB and
MEC-1 cell lines, with a primer set that amplifies the CD22
minimal promoter region. We found that the occupancy of the
CD22 promoter by PU.1 was higher in BJAB, whereas that by
IRF4 was higher in MEC-1 (Fig. 5A).

PU.1 and Spi-B belong to the ETS transcription factor
family and are involved in B cell development and functional
regulation (34—37). IRF4 is required for the normal develop-
ment of lymphocytes (38) and is also implicated in the pa-
thology of CLL (39-42). It is recruited to a composite motif
called the ETS-IRF composite element (EICE; consensus:
5'-GGAANNGAAA-3' (N: any nucleotide) (43)) that is occu-
pied by PU.1 (44, 45) or Spi-B (46). We thus tested whether
PU.1, Spi-B, and/or IRF4 could directly bind to the minimal
CD22 promoter using electrophoretic mobility shift assay
(EMSA). A biotin-labeled DNA probe corresponding to the
minimal CD22 promoter was mixed with the nuclear extract of
the 293T cells that overexpressed one of the transcription
factors and separated by PAGE. As shown in Figure 58, PU.1
and Spi-B could bind directly to the minimal CD22 promoter,
whereas IRF4 could not. Using the nuclear extracts of the 293T
cells co-expressing IRF4 and PU.1 or Spi-B, we then tested
IRF4’s effects on the promoter binding of PU.1 and Spi-B. As
shown in Figure 5, C and D, the binding of PU.1 to the CD22
minimal promoter was not enhanced by IRF4, whereas that of
Spi-B was enhanced. While the Asp117 of IRF4 is considered
essential for its heterodimerization with PU.1 or Spi-B (47), the
mutation of this residue did not significantly affect the
enhanced binding of Spi-B to the minimal CD22 promoter in
the presence of IRF4 (Fig. 5D). This may be because the CD22
minimal promoter may lack a canonical EICE. We also tested
the effects of IRF4 on the CD22 transactivation by PU.1 and
Spi-B by reporter assay in the 293T cells, which revealed that
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Figure 4. Luciferase reporter assay by transcription factor reconstitution in the 293T cells. The expression constructs for transcription factors were
cotransfected with the firefly luciferase reporter construct (pGL4.12 with minimal CD22 promoter) in the 293T cells, and the luciferase reporter assays were
conducted. A, reporter assay with a single transcription factor. PU.1 and Spi-B positively regulated the reporter expression from the minimal CD22 promoter.
*p < 0.05, ***p < 0.001, ****p < 0.0001 (ANOVA with Tukey’s post hoc test). n = 2 (independent experimental replicates). B, reporter assay with the
combinations of two transcription factors. The firefly luciferase activity with the single transcription factor (i.e., the cells for which transcription factors 1 and
2 are identical) was used to normalize the values in each row, so that the effects of the co-expressed transcription factors (transcription factor 2) on the
reporter expression by the primary transcription factor (transcription factor 1) can be evaluated.
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Figure 5. Regulation of CD22 transcription by PU.1, Spi-B, and IRF4. A, ChIP-qPCR assay. The chromatin DNA-protein complex was prepared from the
formalin-fixed BJAB cells by micrococcal nuclease digestion and sonication and subjected to chromatin immunoprecipitation with indicated antibodies. The
recovered DNA was purified and subjected to quantitative PCR with a primer set encompassing the minimal CD22 promoter. The amount of immuno-
precipitated DNA was normalized to that of the input. The amount of PU.1 associated with the CD22 promoter was more abundant in BJAB, whereas that of
IRF4 was more abundant in MEC-1. *p < 0.05 (Student’s t test). n = 3 (independent experimental replicates). B-D, electrophoretic mobility shift assays
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IRF4 suppresses reporter transactivation by PU.1, whereas it
does not have a strong effect on that by Spi-B (Fig. S5).

To verify these findings in live cells, we manipulated these
genes in the BJAB cell line. The overexpression of IRF4, the
knockdown of PU.1, and the knockout of Spi-B in the BJAB
cells all significantly reduced the expression of CD22 protein,
thereby confirming these proteins’ roles in regulating CD22
expression (Fig. 6, A-C). However, the effects of PU.1
knockdown and Spi-B knockout on the expression of CD22
protein were modest (~20% reduction). In the ICGC CLL
RNA-Seq dataset, the CD22 transcript level was positively
correlated with those of SPII and SPIB, whereas it was nega-
tively correlated with that of IRF4 (Fig. S6). These results thus
corroborate the involvement of these transcription factors in
CD22 transcriptional regulation and its downregulation in
CLL B cells.

Discussion

Although the downregulation of CD22 protein and mRNA
in CLL B cells has been reported in the literature, the mech-
anism underlying the downregulation has been unclear. In this
study, we defined the minimal promoter of the human CD22
gene by reporter assay (Fig. 2) and identified the proteins
binding to the CD22 promoter region by DNA pulldown-
proteomics analysis (Fig. 3). Among the proteins that bind to
the CD22 promoter, we found that PU.1 and Spi-B positively
regulate CD22 expression, while IRF4 negatively regulates it
(Figs. 4 and 6). We conducted a bioinformatic analysis of a
transcriptome dataset of Spanish CLL patients and found that
the CD22 mRNA level is positively associated with those of
SPI1 and SPIB (encoding PU.1 and Spi-B) and is negatively
associated with that of IRF4 (Fig. S6). Moreover, we found that
a high CD22 mRNA level is associated with a better prognosis
for patients with mCLL (Fig. 1C). Our study thus illustrates the
basic mechanism of CD22 transcriptional regulation, which
may be relevant to the downregulation of CD22 protein in CLL
B cells.

Our finding that IRF4 suppresses the CD22 expression is
intriguing, as IRF4 has been implicated in the pathogenesis of
CLL by genome-wide association studies (39, 48, 49) and
driver mutation studies (27, 40, 50, 51). However, the associ-
ations implied by these two lines of studies appear to be
incongruent: while the genome-wide association study results
imply that the allele conferring the reduced expression of IRF4
is a risk allele (39), the mutational studies imply that the gain-
of-function mutation (L116R) (52) and copy number gain (51)
are drivers of CLL. Although the association between high
IRF4 expression and better prognosis of patients with CLL has
been reported (53) and studies using mouse models of CLL
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with IRF4 deficiency support the role of IRF4 in suppressing
CLL pathogenesis (41, 42, 54), the direction of association
between IRF4 expression and CLL prognosis remains incon-
clusive and may even differ between mCLL and uCLL (Fig. S7).
Further investigations are required to understand the mecha-
nism underpinning the associations between IRF4 and CLL.
Likewise, the mechanism by which CD22 transcription is
negatively regulated by IRF4 remains unclear. Our ChIP-PCR
data (Fig. 5A) indicates that IRF4 is associated with the
endogenous CD22 promoter (or the DNA segment nearby) in
MEC-1 cells. However, our EMSA data (Fig. 5B) indicates that
IRF4 does not directly bind to the minimal promoter of CD22
on its own, whereas it enhances the binding of Spi-B to the
minimal promoter. These results imply that the recruitment of
IRF4 to the CD22 promoter may depend on PU.1 or Spi-B but
may not involve direct DNA binding. IRF4 cooperatively
upregulates the transcription of several key genes involved in B
cell development and differentiation with PU.1 (44, 45) or Spi-
B (46), and the composite sequence element called EICE is
implicated in these processes. However, the immediate up-
stream of the human CD22 gene (i.e., minimal promoter) ap-
pears to lack a canonical EICE. The precise mechanism by
which IRF4 represses CD22 transcription thus demands
further investigation.

Our bioinformatic analysis revealed that a high level of
CD22 mRNA is associated with a better prognosis in patients
with mCLL (Fig. 1C). CD22 may be thus useful as a marker (or
a part of marker sets) for patient stratification. In addition, our
experiments using cell lines implied that the IRF4 suppression
may upregulate CD22, thereby altering the course of CLL. The
upregulation of CD22 may influence the proliferation of CLL B
cells by suppressing the BCR signaling. In addition, it may
provide a target for immunotherapy. Since the inefficiency of
CD22-targeting drugs against CLL may be explained by the
low expression of CD22 protein on CLL B cells (20, 21), the
combination of IRF4 inhibition and CD22-targeted therapy
(e.g, immunotherapy using antibody or chimeric antigen re-
ceptor) may be worth exploring. Despite our repeated attempts
to knockout or knockdown IRF4 in CLL cell lines, we failed to
obtain an IRF4-suppressed population owing to extensive cell
death.

Our study has some limitations. First, owing to the limited
number of CLL patients in Taiwan, we could not correlate the
expression level of CD22 (transcript or protein) on B cells with
the prognosis of Taiwanese CLL patients. Nevertheless, the
CD22 transcript abundance appears to be a good surrogate of
the CD22 protein level (Fig. 1B), and the positive correlation
between high CD22 transcript levels and overall survival of
Spanish mCLL patients (Fig. 1C) warrants future investigation
of the association between CD22 protein expression level and

(EMSA) using a DNA probe corresponding to minimal CD22 promoter and nuclear extracts of 293T cells expressing transcription factor(s). Intensities of
bands in the areas labeled “shift” (probe + transcription factor (TF)) and “supershift” (probe + TF + antibody (Ab)) were quantified by densitometry and
normalized by the total band intensity of each lane. B, binding of PU.1, SpiB, and IRF4 to the minimal CD22 promoter. PU.1 and Spi-B bound directly to the
promoter, whereas IRF4 did not. C and D, the effect of IRF4 on (C) PU.1 and (D) Spi-B binding to the minimal CD22 promoter. IRF4 did not enhance the
binding of PU.1 to the minimal CD22 promoter, whereas it enhanced Spi-B binding. The effect of IRF4 Asp117His mutation (mIRF4; deficient in PU.1/Spi-B
association) was not obvious. **p < 0.01, ****p < 0.0001, ns: p > 0.2; p value is indicated when 0.2 > p > 0.05 (ANOVA with Tukey's post hoc test). n = 3

(independent experimental replicates).
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Figure 6. Effects of transcription factor overexpression/knockdown/knockout in the BJAB cells on CD22 expression. Effects of (A) IRF4 over-
expression, (B) SPI1 (PU.1) knockdown, (C) SPIB KO on CD22 expression, as analyzed with flow cytometry. IRF4 overexpression suppressed CD22 protein
expression, whereas knockdown/knockout of PU.1, Spi-B suppressed the expression. *p < 0.05, **p < 0.01 (Student’s t test). n = 3 (experimental replicates).

prognosis, which may be extended to encompass other
candidate prognosis markers by high-dimensional cytometry.
Second, while our experiments using cell lines showed that
PU.1 and Spi-B promote, whereas IRF4 represses, CD22
transcription (Fig. 6), it did not exclude the possibility that
other transcription factors play a role in CD22 transcriptional
regulation. IRF4 did not appear to bind directly to the minimal
promoter of CD22 (Fig. 6), leaving an unanswered question
regarding the mechanism by which IRF4 represses CD22
transcription. Regardless of these limitations, our study is the
first to clearly define the minimal promoter of the human
CD22 gene and identify several of its transcriptional regulators.
This knowledge will facilitate the development of a strategy to
target CD22 for CLL therapy.
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Experimental procedures

Patient samples

Peripheral blood from patients with CLL and healthy donors
were obtained at the National Taiwan University Hospital and
the Taipei Blood Center, respectively. Informed consent was
obtained from each donor. The institutional review boards of
the National Taiwan University Hospital and Academia Sinica
approved the study. The studies in this work abide by the
Declaration of Helsinki principles.

B cells were isolated from the peripheral blood of the donors
using Ficoll-Paque PLUS (17-1440-03, Cytiva), which was
followed by affinity purification with CD19 MicroBeads (130-
050-301, Miltenyi Biotec). The cells were then either used
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immediately for flow cytometry or stored frozen at —80 °C
until being used for RNA-Seq.

Flow cytometry of human peripheral blood B cells

The freshly prepared B cells (1 x 10° cells) were stained with
an allophycocyanin-conjugated anti-CD22 antibody (302510,
Biolegend) and analyzed using a flow cytometer (BD FACS-
Canto II, BD Biosciences). We processed the data with FlowJo
ver.10 (BD Biosciences).

RNA-Seq analysis of B cells from patients with CLL

Total RNA was prepared from 5 x 10° cells using the RNeasy
Mini Kit (74104, Qiagen) and subjected to library preparation
using the KAPA mRNA HyperPrep Kit (Roche). Next-
generation sequencing (20 million paired-end (2 x 150 bp)
sequencing per sample) with NovaSeq 6000 (Illumina) was
performed at BioTools. The raw data were mapped and
normalized, and the transcripts per million were calculated for
each gene using HISAT?2 (55). The dataset was deposited in the
NCBI GEO database (accession number: GSE273421).

Cell culture

All the cells were cultured in humidified incubators at 37 °C
with 5% CO,. BJAB (ACC-757, DSMZ~-German Collection of
Microorganisms and Cell Cultures), a Burkitt lymphoma cell
line, was cultured in RPMI 1640 (11875093, Gibco) supple-
mented with 20% fetal bovine serum (FBS; A3160502, Gibco),
100 U/ml penicillin, and 100 pg/ml streptomycin (Pen/Strep;
15140122, Gibco). MEC-1 (ACC-497, DSMZ), a CLL cell line,
was maintained in IMDM (12440053, Gibco) supplemented
with 10% FBS and Pen/Strep. JVM-3 (ACC-18, DSMZ), a CLL
cell line, was maintained in RPMI 1640 (11875093, Gibco)
supplemented with 10% FBS and Pen/Strep. The 293T cells
(CRL-3216, ATCC) were cultured in Dulbecco’s modified
Eagle’s medium (11965092, Gibco) supplemented with 10%
FBS and Pen/Strep. We ensured that all the cell lines we used
were free from mycoplasma contamination by testing them
using the EZ-PCR Mycoplasma Detection Kit (Biological In-
dustries USA, 20-700-20).

Quantitative PCR analysis of CD22 transcripts in B cell lines

Total RNA was prepared from the B cell lines using the
RNeasy Plus Mini Kit (74134, Qiagen), reverse-transcribed
with  SuperScript III First-Strand Synthesis SuperMix
(18080400, Thermo Fisher Scientific), and subjected to quan-
titative PCR analysis using the TagMan reagent set
(Hs00998488; Thermo Fisher Scientific) and the FastStart
Universal Probe Master (Rox) (04914058001, Roche) with
StepOnePlus RT-PCR Systems (Thermo Fisher Scientific).
PGK1 was used for normalization (Hs99999906; Thermo
Fisher Scientific).

Preparation of luciferase reporter constructs

The luciferase reporter constructs, which contain the
genomic segment encompassing the 1.5 kb upstream and 0.4
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kb downstream of the human CD22 TSS (-1499 to +415 of the
TSS as defined by Wilson et al. (25)) and its sub-sections, were
prepared by performing the PCR amplification of the genomic
DNA from the JVM-3 cell line and cloning them to the Kpnl-
Xhol sites of pGL4.12[luc2CP] (E667A, Promega). The primer
sequences are provided in the Table S1.

Preparation of minimal CD22 promoter construct with
mutations at the GC-box or E-box

The minimal CD22 promoter (+88 to +176 from the TSS)
constructs with mutations in the putative GC-box (+107
to +111) or E-box (+171 to +176) were prepared using site-
directed mutagenesis (56). The primer sequences are pro-
vided in the Table S1.

Luciferase reporter assay in B cell lines

Cells (1 x 107) were harvested by centrifugation, washed
once with ice-cold PBS, and resuspended in 450 i of ice-
cold culture medium without FBS. A reporter construct
(20 pg; with the human CD22 promoter region/subregion
inserted upstream of the firefly luciferase cDNA on pGL4.12
[luc2CP] vector) and a control plasmid (2 pg; pGL4.74
[hRluc/TK] encoding the Renilla luciferase cDNA under the
CMV promoter (E692A, Promega)) were mixed with the
cells and transferred into a prechilled 0.4 cm cuvette
(1652088, Bio-Rad). After a 5 min incubation on ice, elec-
troporation was performed at 250 V and 950 UF using an
electroporator (Gene Pulser Xcell, Bio-Rad). The cuvette was
kept on ice for 5 min, and then the content was transferred
to a 10 cm dish in which 9 ml of RPMI 1640 containing 20%
EBS was added and was cultured overnight. The next day, we
collected the cells, washed them with ice-cold PBS, and
suspended them in 300 pl PBS. We analyzed the luciferase
activities using the Dual-Glo Luciferase Assay System
(E2920, Promega). Briefly, we transferred the cell suspen-
sions (100 pl) to a 96-well black plate, to which we added a
100 pl/well of Dual-Glo Luciferase Assay Reagent (for firefly
luciferase activity). The plate was incubated on a shaker for
10 min, following which we performed chemiluminescence
quantification using a plate reader (SpectraMax Paradigm,
Molecular Devices, equipped with a Glow Luminescence
(LUM) Detection Cartridge). After we quantified the firefly
luciferase activity, a 100 pl/well of Dual-Glo Stop & Glo
Reagent (for the Renilla luciferase activity) was added, and
the plate was incubated on a shaker for 10 min, followed by
chemiluminescence quantification with the plate reader. We
normalized the firefly luciferase activity using the Renilla
luciferase activity in the same well.

DNA pulldown - proteomics

Experimental design

We adopted a previously described workflow (30, 31). A
5’-biotinylated DNA probe corresponding to the minimal
CD22 promoter (+88 to +178 from the TSS) was used as a bait
to capture the transcriptional regulators from the nuclear ex-
tracts of the cell lines in which CD22 protein was expressed at
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a high (BJAB) or a low (MEC-1) level. To facilitate the sub-
sequent elution of bound proteins, we added an EcoRI
recognition site near the 5" end of the DNA. We also used two
probes mutated at putative GC-box (+107 to +111 from the
TSS) and E-box (+171 to +176 from the TSS) motifs. The same
experiment was repeated twice (1 = 2, independent experi-
mental replications).

Preparation of biotinylated DNA probe

Biotinylated DNA probes were generated by PCR using a
biotinylated “Forward_CD22_probe” primer and a “Rever-
se_CD22_probe” primer (see Table S1). We purified the PCR
product with 1.5% agarose gel electrophoresis and extraction
(QIAquick Gel Extraction Kit, Qiagen).

Nuclear extract preparation

We collected the cells (~2-3 x 10%) in a 50 ml tube, washed
them with ice-cold PBS, suspended them in 8 ml of buffer A
(10 mM Hepes, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 1 mM
DTT, and protease inhibitors), and incubated them on ice for
30 min. We further supplemented the mixture with IGEPAL
CA-630 (500 pl of 10% (v/v) solution in water), which was
vortexed for 10 s, incubated for 5 min on ice, vortexed again
for 10 s, and centrifuged at 15,000¢ for 30 min at 4 °C. The
pellet (containing nuclei) was resuspended in 2 ml of buffer C
(20 mM Hepes, pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM
DTT, 10% glycerol, and protease inhibitors), and the nuclear
proteins were released by sonication. The sonication was
performed at level 3, with 10 s of pulses followed by 20 s of rest
on ice, repeated 15 times (MICROSON XL2000, Misonix). The
lysate was centrifuged at 15,000¢ for 30 min at 4 °C, and the
supernatant was then collected. We determined the protein
concentration using the Pierce BCA Protein Assay Kit (23227,
Thermo Fisher Scientific).

DNA pulldown

The biotinylated DNA probe (40 pmol) was immobilized
onto the Dynabeads Streptavidin MyOne (0.75 mg; 65002,
Thermo Fisher Scientific) by incubating it at room tempera-
ture for 1 h with rotation. We washed the beads three times
with a washing buffer (PBS containing 0.01% Tween 20). In
parallel, we incubated 2 mg of nuclear extract with 1.5 volumes
of binding buffer (4 mM Hepes, pH 7.5, 120 mM KCl, 8%
glycerol, 2 UM DTT, 0.166 pg/pl salmon sperm DNA) on ice
for 15 min. Then, we mixed the nuclear extract in the binding
buffer with the DNA-Dynabeads complex and incubated it at
room temperature for 1 h with rotation. The beads were
serially washed once with the binding buffer, three times with
the washing buffer, and once with the EcoRI buffer (100 mM
Tris—HCI, pH 7.5, 50 mM NaCl, and 10 mM MgCl,), and then
incubated with EcoRI (1000 U; R0101S, New England Biolabs)
in 30 W of the EcoRI buffer at 37 °C for 25 min with resus-
pension every 5 min. The supernatant was then collected,
mixed with an equal volume of 2 x SDS-PAGE sample buffer,
and boiled at 100 °C for 5 min.
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Front-end sample processing

We subjected the samples (30 i) to a short SDS-PAGE
(10% separation gel) and stained the gel with the Bio-Safe
Coomassie Stain (1610786, Bio-Rad). Afterward, we excised
the gel bands, dissected them into ~1 mm?® cubes, de-stained
them using 50% acetonitrile (ACN) in 25 mM ammonium
bicarbonate (ABC), and reduced the proteins therein by
incubating them in 100 pl of 50 mM dithioerythritol in
25 mM ABC at 37 °C for 1 hour. The buffer was replaced with
100 pl of 100 mM iodoacetamide in 25 mM ABC, and the gel
pieces were incubated at room temperature in the dark for 1 h.
We washed the gel pieces four times with 200 il of 50% ACN
in 25 mM ABC, incubated them at room temperature for
15 min, dehydrated them with 100% ACN, and completely
dried them using SpeedVac. We then rehydrated and digested
the samples with LysC (1/50 of the total protein quantity) in
25 mM ABC at 37 °C for 2 h, followed by overnight digestion
with trypsin (1/50 of the total protein quantity). The reaction
was stopped with 50 pl of 50% ACN in 5% TFA, followed by
sonication and centrifugation. The supernatant was trans-
ferred to a new tube, and the peptide extraction by sonication
and centrifugation was repeated twice. The combined super-
natant was dried using SpeedVac, dissolved in 10 pl of 0.1%
formic acid, and desalted with ZipTip with C18 resin (EMD
Millipore).

Mass spectrometry (MS) data acquisition

We acquired the MS data at the Academia Sinica Common
Mass Spectrometry Facility using NanoLC-nanoESI-MS/MS
with a nanoAcquity system (Waters) connected to the Orbi-
trap Elite hybrid mass spectrometer (Thermo Fisher Scientific)
and equipped with a PicoView nanospray interface (New
Objective). The peptide mixtures were loaded onto a C18 BEH
column (75 pm ID x 25 cm length, Waters) packed with
1.7 um particles with a pore size of 130 A and separated by a
segmented gradient in 90 min with a flow rate of 300 nl/min
and a column temperature of 35 °C. The mass spectrometer
was operated in the data-dependent mode. Briefly, survey full
scan MS spectra were acquired in the orbitrap (m/z 350-1600)
with the resolution set to 120K at m/z 400 and automatic gain
control target at 10°. The 20 most intense ions were sequen-
tially isolated for CID MS/MS fragmentation and detection in
the linear ion trap (automatic gain control target at 10,000)
with previously selected ions dynamically excluded for 60 s.
We excluded singly charged ions and those with unrecognized
charge states. We deposited the proteomics dataset in the
PRoteomics IDEntifications (PRIDE) database (accession
number: PXD054553) through ProteomeXchange (57).

MS data processing

We analyzed the raw datasets of all the samples with the
MaxQuant software package (version 1.6.16.0) (32), which
includes the Andromeda peptide search engine (58). We used
the human protein FASTA files downloaded from UniProt in
July 2018. Carbamidomethylation (C) was set as a fixed
modification, and oxidation (M) was set as a variable
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modification. LysC and trypsin were selected as proteases. The
false discovery rate was set to 1% in all the fields. The second
peptide and the match between run options were enabled. The
relative label-free quantification of proteins and classic
normalization options were selected.

Bioinformatic analysis

We performed further data processing on the output files
for the protein and peptide quantitation obtained from Max-
Quant using Perseus software (version 1.6.12.0) (59). The
label-free quantification results were used for further data
analysis. The hits identified as potential contaminants and
those identified by the reverse database were filtered out, and
the proteins identified with three or more peptides and with at
least one unique peptide were filtered in. Protein abundance
was normalized by the total peak areas in the same sample
(Table S2), and the normalized abundance value was log2-
transformed. Unpaired Student’s T-tests were performed be-
tween BJAB versus MEC-1 nuclear proteins extracted with the
WT probe, as well as between the WT versus mutated probes.
The proteins whose abundance was at least twice as much in
one of the samples being compared and with a p value < 0.05
were considered significant.

ChIP-qPCR assay

To crosslink proteins and DNA, we treated 4 x 10° cells
with 1% formaldehyde at room temperature for 10 min. The
excess formaldehyde was quenched by adding glycine (final
concentration: 125 M) and incubating it for 5 min. Chro-
matin immunoprecipitation was performed using the Pierce
Magnetic ChIP Kit (26157, Thermo Fisher Scientific). In brief,
the cells were lysed, the chromatin was digested with micro-
coccal nuclease and then sonicated on ice to further fragment
the chromatin. Immunoprecipitation was performed using
10 pg of antibodies specific to the candidate transcription
regulators and 25 pg of the crosslinked DNA with overnight
incubation. The antibody—chromatin complex was captured
using the Protein A/G magnetic beads, and the cross-links
were then reversed. The DNA was recovered and subjected
to quantitative PCR analyses using the primers amplifying the
minimal CD22 promoter region (“Forward_pCD22” and
“Reverse_pCD22”; see Table S1) and a quenched probe
(“qPCR_probe_pCD22” labeled with 5" FAM and 3’ NFQ). The
relative abundance of the precipitated target region was
normalized using input control.

Cotransfection of reporter and transcription factor constructs
in 293T cells

We transfected the 293T cells (80%—90% confluent) in
24-well plates with a mixture of 100 ng pGL4.12[luc2CP]
vector containing the CD22 minimal promoter, 10 ng of
pGL4.74[hRluc/TK], 400 ng of plasmid(s) encoding tran-
scription factor(s), and 1.5 pl Lipofectamine 2000 (11668019,
Thermo Fisher Scientific). At 24 h post-transfection, we
analyzed firefly and Renilla luciferase activities using the Dual-
Glo Luciferase Assay System (Promega), as described above.
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Electrophoretic mobility shift assay
Transient transfection in the 293T cells

We transiently transfected the 293T cells (80%-90%
confluent) in a 6 cm dish with 6 pg of pLAS5w.PU.1.puro,
pLAS5w.SPIB.puro, or pLAS5w.IRF4.puro plasmid and 24 pl
of Lipofectamine 2000. The medium was replaced with fresh
culture medium after 24 h, and we collected the cells the next
day for nuclear extraction.

Nuclear extraction

We collected the transfected cells by centrifugation at 500g
for 3 min at 4 °C, and they were washed with 10 ml of ice-cold
PBS. The pellets were then resuspended in 800 Ll of buffer A
(10 mM Hepes, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 1 mM
DTT, and protease inhibitors) and incubated on ice for 15 min.
IGEPAL CA-630 (50 pl of 10% (v/v) solution in water) was
added to each sample and incubated for 1 min on ice, followed
by vigorous vortexing for 5 s and centrifugation at 16,000g for
5 min at 4 °C. The pellet was washed with 800 il of buffer A
and suspended in 200 pl of buffer C (20 mM Hepes, pH 7.9,
400 mM NaCl, 1 mM EDTA, 1 mM DTT 10% glycerol, and
protease inhibitors), followed by four rounds of vigorous
vortexing (15 s) and incubation on ice (10 min). After the fifth
vortexing, we centrifuged the samples at 16,000g for 10 min at
4 °C and transferred the supernatant containing nuclear pro-
teins to a new 1.5 ml tube. The protein concentration was then
determined using the BCA assay.

Electrophoretic mobility shift assay

We used the LightShift Chemiluminescent EMSA Kit
(20148, Thermo Fisher Scientific) for the assay. The same
biotinylated probe (representing the minimal CD22 promoter)
used for the affinity purification of nuclear proteins above was
used along with a nonbiotinylated probe. The biotinylated
DNA probe was incubated with 5 |ig of nuclear extract in the
1 x binding buffer containing 50 ng/ul Poly(dI*dC), 2.5%
glycerol, 0.05% IGEPAL CA-630, 5 mM MgCl,, 50 mM KCl,
and 10 mM EDTA for 30 min on ice. The complete binding
samples were loaded onto a well of 6% native polyacrylamide
gel in a 0.5 x Tris-Borate-EDTA buffer system and electro-
phoresed at 100V for 4 h on ice. The DNA—protein complex
was then transferred onto a Nylon membrane (NEF988001PK,
Revvity) at 380 mA for 30 min on ice, followed by crosslinking
using a UV transilluminator (312 nm) for 10 min. The mem-
brane was blocked with 20 ml of blocking buffer for 15 min;
the biotinylated DNA was then detected using the
streptavidin-horseradish peroxidase conjugate, and a digital
image was captured with an ImageQuant LAS 4000 mini
luminescent imaging analyzer (GE Healthcare). Intensities of
bands were quantified by Image]J (version 1.53).

Genetic manipulation of B cell lines

The construct preparation, lentivirus production, and len-
tiviral transduction are described in the Supplementary
Methods section.
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Over-expression of IRF4

The BJAB cells were lentivirally transduced with a transfer
vector encoding an epitope-tagged IRF4. After drug selection,
the cells were characterized without further cloning.

Knockdown of SPI1

The BJAB cells were lentivirally transduced with a transfer
vector encoding a shRNA targeting SP/1 (TRCN0000417534
or TRCN0000426240, obtained from the RNA Technology
Platform and Gene Manipulation Core, Academia Sinica).
After drug selection, the cells were characterized without
further cloning.

Knockout of SPIB

The BJAB cells that stably express Cas9 were prepared using
lentiviral transduction with a transfer vector encoding an HA-
tagged Cas9 (p5w.Cas9.Pbsd, obtained from the RNA Tech-
nology Platform and Gene Manipulation Core, Academia
Sinica). After drug selection, single-cell clones were estab-
lished by limiting dilution. The clones were lentivirally trans-
duced with a transfer vector encoding single-guide RNA
(5'-AGGTCATAGAAGACGCCATC-3'; prepared by the RNA
Technology Platform and Gene Manipulation Core, Academia
Sinica). After drug selection, single-cell clones were estab-
lished by limiting dilution and characterized.

Western blotting

We used the RIPA lysis buffer (50 mM Tris—HCI, 150 mM
NaCl, 1% IGEPAL CA-630, 0.5% sodium deoxycholate, and
0.1% SDS) supplemented with a protease inhibitor cocktail
(cOmplete Tablets, Roche, 04693159001) to extract proteins
from cell lines. We then quantified the proteins using the BCA
Protein Assay Kit (23225, Pierce). We mixed the cell lysates
with SDS-PAGE sample buffer (Bio-Rad) and boiled them. The
proteins therein were then separated using 10% SDS separation
gel (TGX Stain-Free FastCast Acrylamide; 1610183, Bio-Rad)
and transferred onto the PVDF membrane (10600023, Cytiva)
using a semi-dry transfer system (Bio-Rad). The membrane was
blocked by 3% BSA in 20 mM Tris—Cl pH 7.5, 150 mM NaCl,
and 0.1% Tween-20 (TBST) at room temperature for 1 h, fol-
lowed by overnight incubation with the primary antibody at
4 °C. We washed the membrane three times with TBST for
10 min and incubated it with an appropriate peroxidase-
conjugated secondary antibody for 1 h at room temperature.
The membrane was then washed three times with TBST for
10 min and incubated with an ECL reagent (Western Lightning
ECL Pro; NEL122001EA, Revvity). The chemiluminescence
signals were imaged using the ImageQuant LAS4000mini
luminescent imaging analyzer (GE Healthcare). The antibodies
used in this study are listed in Table S3.

Bioinformatic analysis of the transcriptomic dataset of
Spanish patients with CLL

The normalized RNA-Seq dataset of the B cells from the
Spanish patients with CLL (disease type labeled as CLL or SLL)
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and the associated metadata (27) were acquired from the In-
ternational Cancer Genome Consortium website. We stratified
the patients based on the IGHV mutation status (mutated
versus unmutated), and the cutp function in survMisc (60), an
R package, was used to find the optimal cutoff for dichoto-
mizing the CD22"8" and CD22'°" patients for performing the
association analysis in the Cox proportional hazards model.
The Kaplan-Meier plots, indicating the overall survival of
CD22"¢" and CD22'°" patients in each group (ie., IGHV-
mutated versus unmutated), were generated with the survival
package for R (61).

Statistical analyses

Statistical analyses were performed with Prism (version 10,
GraphPad) or R. The statistical test applied for each dataset is
described in the main text or figure legend.

Data availability

Transcriptomic dataset was deposited in the NCBI GEO
database (accession number: GSE273421). Proteomic dataset
was deposited in the PRoteomics IDEntifications (PRIDE)
database (accession number: PXD054553). Other data are
contained within the manuscript.

Supporting article  contains

information.
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