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CD74 is a novel transcription regulator
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CD74 is a cell-surface receptor for the cytokine macrophage migra-
tion inhibitory factor. Macrophage migration inhibitory factor bind-
ing to CD74 induces its intramembrane cleavage and the release of
its cytosolic intracellular domain (CD74-1CD), which regulates cell sur-
vival. In the present study, we characterized the transcriptional ac-
tivity of CD74-ICD in chronic lymphocytic B cells. We show that
following CD74 activation, CD74-ICD interacts with the transcription
factors RUNX (Runt related transcription factor) and NF-xB and binds
to proximal and distal regulatory sites enriched for genes involved in
apoptosis, immune response, and cell migration. This process leads
to regulation of expression of these genes. Our results suggest that
identifying targets of CD74 will help in understanding of essential
pathways regulating B-cell survival in health and disease.
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he type II transmembrane protein CD74 is expressed on

antigen-presenting cells and was initially demonstrated to
function as an MHC class II chaperone (1). At steady state, a
small fraction of CD74 is expressed on the cell surface. Some of
this cell-surface pool of CD74 is modified by the addition of
chondroitin sulfate (2). Cell surface CD74 serves as a receptor
for the cytokine, macrophage migration inhibitory factor (MIF)
on many cell types (3). In immune cells, MIF binding to CD74
induces a signaling cascade that results in regulation of cell
proliferation and survival (3).

In B cells, CD74 expression is directly involved in shaping the
B-cell repertoire by regulating mature B-cell survival (4). MIF
binding to CD74 induces a signaling pathway that involves the
Syk tyrosine kinase and the PI3K/Akt pathway, induction of
CD74 intramembrane cleavage, and the release of the CD74
intracellular domain (CD74-ICD) (5, 6). CD74-ICD translo-
cates to the nucleus, where it induces activation of transcription
mediated by the NF-xB RelA protein and its coactivator,
TAFII105, resulting in regulation of transcription of genes that
control B-cell proliferation and survival (5-9). Thus, MIF bind-
ing to CD74 initiates a cascade that results in B-cell proliferation
and the rescue of these cells from apoptotic death.

Interestingly, both MIF and CD74 are associated with tumor
progression and metastasis. CD74 expression has been suggested
to serve as a prognostic factor in many cancers, with higher
relative expression behaving as a marker of tumor progression
(10). Our previous studies showed that stimulation of CD74
expressed on chronic lymphocytic leukemia (CLL) cells with the
MIF ligand, as well as with anti-CD74 agonistic antibody, ini-
tiates a signaling cascade leading to CD74 intramembrane
cleavage, NF-kB activation, and elevation of TAp63 expression
(11, 12). TAp63 regulates transcriptional elevation of several
genes in CLL, among them IL-8, which promotes CLL cell sur-
vival regardless of the clinical status of the patients (11, 12). In
addition, we showed that stimulation of CD74 with MIF induces
the expression and secretion of the cytokine, midkine. Midkine
suppresses CLL apoptosis by elevating the expression of Bcl-2
and inhibiting caspase 3 and 7 activity (13). Thus, CD74 functions
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as a survival receptor on CLL cells. Furthermore, a positive cor-
relation between CD74 and ZAP70 expression was detected in
CLL patients, and high expression of CD74 was positively corre-
lated with more advanced stage of the disease (14).

Quite a few regulatory proteins, including transcription fac-
tors, are kept in a dormant state to be activated in response to
internal or environmental cues. Previously, a novel strategy, re-
quiring proteolytic cleavage, was described for the mobilization
of dormant transcription factors. These transcription factors are
initially synthesized in an inactive form, while “nesting” in in-
tegral membrane precursor proteins. Following a cleavage event,
these new active factors are released from the membrane and
can migrate into the nucleus to drive regulated gene transcrip-
tion. This mechanism, “regulated intramembrane proteolysis”
(RIP), is known for its conservation in several systems, and for its
ability to control diverse biological processes in prokaryotes and
eukaryotes in response to a variety of signals (15). Examples include
membrane proteins such as Notch, a plasma membrane receptor,
whose cytosolic domain is released throughout development (16).

Because CD74 is cleaved in the plane of the membrane in a
manner similar to other RIP proteins, in the present study we
wished to characterize the transcription regulation activity of
CD74-ICD and map the specific DNA binding sites and identify
the genes it activates. Our findings demonstrate that CD74-1CD
binds chromatin and regulates transcription and expression of
genes involved in cell survival and the immune response in health
and disease.

Significance

CD74 has been associated with tumor progression and metas-
tasis. Its expression has been suggested to serve as a prog-
nostic factor in many cancers, with higher relative expression
behaving as a marker of tumor progression. Our previous
studies showed that stimulation of CD74 expressed on chronic
lymphocytic cells initiates a signaling cascade leading to
chronic lymphocytic survival. The present study demonstrates
that CD74's cytoplasmic domain binds chromatin and regulates
transcription and expression of genes involved in immune
regulation, cell survival, and hematopoietic cancers. Further
analysis of these processes will identify new targets that reg-
ulate tumor cell maintenance.
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Results

CD74 Enters the Nucleus and Binds Chromatin in Proximity to Genes
Related to Immune Regulation and Immune Diseases. To charac-
terize CD74-ICD function as a transcriptional regulator that
interacts with the nuclear chromatin, chromatin-binding CD74—
ICD was immunoprecipitated and sequenced (ChIP-seq). To
calibrate the procedure, we performed ChIP-seq of CD74 in
CD74-ICD-transfected 293T cells (5). This experiment yielded
fewer than 50 reproducible peaks compared with control IgG.
One example is presented in Fig. S14.

Next, we wished to determine CD74-ICD binding to the
chromatin in B cells. Because the B-cell leukemia cells, CLL,
overexpress CD74 compared with healthy mature B cells, and
CD74-ICD is released at higher levels in these cells (11), we
followed CD74-ICD binding to the chromatin in CLL cells. CLL
cells were activated with anti-CD74 activating Ab for 0.5, 1,
and 2 h. The cells were then fixed with formaldehyde and
di(N-succinimidyl). Binding to the chromatin was followed by
quantitative RT-PCR (qRT-PCR) analysis of the binding re-
gions that were identified in the 293T-transfected cells (Fig.
S1B). The highest binding was detected 1 h postactivation;
therefore, this time-point was used in our further studies.

Next, we tested CD74 binding to the chromatin in human cells
derived from three CLL patients with progressive disease. One pa-
tient was analyzed before (P1) and after (P2) Rituximab-treatment,
with samples taken 1-y apart (Table S1). All samples expressed
cell-surface CD74 (Fig. S1C). The cells were activated for 1 h
with IgG or anti-CD74 antibodies. The cells were then fixed
with formaldehyde and di(N-succinimidyl) glutarate (DSG), to im-
prove cross-linking of protein—protein interactions (17), and CD74
was immunoprecipitated. There was almost no binding of CD74—
ICD to the chromatin in nonactivated cells, and ChIP-seq could not
be performed because of the low amount of DNA obtained, dem-
onstrating that activation of CD74 induces its intramembrane
cleavage and binding to the chromatin. Clear peaks were detected
in CD74-activated cells compared with the input background (Fig.
14). Significant binding of CD74 to the chromatin was detected in
all samples, at several hundred to several thousand binding sites,
with no correlation to cell-surface CD74 levels (Table S2), and
major overlap between the peaks in different samples (Table S3).
As expected, the highest overlap was observed in the P1 and P2
peaks from the same patient, although the vast majority (89%) of
these shared peaks was shared by the other samples as well. The high
overlap between the peaks in the different samples implies that
CD74 has a specific binding pattern in CLL cells, supporting a role
for this fragment as a transcription regulator in CLL cells. Analysis of
the total peaks shared by different samples revealed 3,575 peaks that
were detected in at least two of the four samples. These peaks were
treated as high-confidence peaks, because they appeared in more
than one sample, and were chosen for further analysis. As many as
766 peaks were shared in all four samples (total peaks shared by the
samples: two and up, 3,575; three and up, 1,697; all four, 766).

Binding patterns of transcriptional regulators in the genome are
typically enriched in enhancer and promoter regions, where they
regulate the histone structure and transcription (18). To mediate
this function, the regulators interact with the transcription start site
(TSS). This interaction can occur via frans binding, distal to the TSS,
and looping of the chromatin, or by cis binding in proximity to the
TSS. cis binding is more frequent and can be easily recognized in a
ChIP-seq experiment (19). To determine the binding pattern of
CD74, GREAT (Genomic Regions Enrichment of Annotations
Tool) analysis was used (20). This analysis attributes each peak to its
adjacent genes. As shown in Fig. 1B, the majority of high confidence
peaks were located within 50 kb of a known TSS, and almost one-
third of the peaks were detected within 5 kb of a known TSS.

The CD74 binding pattern was further analyzed by the cis
Regulatory Element Annotation System (CEAS) analysis of the
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Fig. 1. CD74-ICD binds the chromatin in regulatory areas. CLL cells from
four different samples were stimulated for 1 h with anti-CD74 Ab. ChIP-seq
was then performed using anti-CD74 or isotype control antibodies. Binding
of CD74 to the chromatin was compared with the input. (A) A representative
analysis of binding of CD74-ICD to a promoter region. ChIP-Seq peaks are
shown for anti-CD74 and input DNA of bigWig files of two representative
experiments. (B) Binding was analyzed in all four samples and overlaps were
examined. Peaks that were found in two or more samples were considered
as high-confidence peaks, and their distances (kilobases) from the nearest
TSS were analyzed using GREAT. (C) The distribution of important genomic
features in the whole genome (Left) and in CD74 ChIP-seq peaks (Right) was
obtained from CEAS. A representative analysis is shown. (D) CLL cells from
two different patients were stimulated for 1 h with anti-CD74 Ab. ChIP-seq
was performed with anti-H3K27Ac, anti-H3K4Me3, or anti-H3K4Me2. The
diagram shows the overlap between CD74 peaks and the acetylation and
methylation peaks detected by these antibodies. (E) CLL cells from two
different patients were stimulated for 1 h with either anti-CD74 Ab or IgG
control Ab. ChIP-seq was done with anti-H3K4Me2. The ngs.plot tool was
used to plot average reads per million mapped reads (RPKM) over high-
confidence CD74 peaks. The center on the x axis relates to the summits of
the peaks. The SE is shaded. The diagram shows the correlation between
CD74 peaks and H3K4Me2, with (orange) and without (green) CD74 acti-
vation. WCE, whole cell extract.

binding regions (21). The analysis identified enhanced binding in
several genomic regions: promoters, downstream of genes (defined
as up to 3,000 bp 3’ to the transcription termination sites), and at
the 5" UTR (Fig. 1C). Because these are regions of transcription
factor binding, this binding pattern further strengthens the notion
that CD74 exhibits transcription regulation function.

GREAT and CEAS analyses are based solely on the pattern of
binding compared with known features of the genome. However,
different cell types exhibit different activity patterns of enhancers
and promoters. Histone acetylation and methylation patterns
have been shown to mark regulatory areas (22). To determine
whether CD74 binds active regulatory regions, we performed
ChIP-seq on cells activated with an agonistic anti-CD74 Ab for
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1 h and detected various chromatin regions: H3K27Ac, a marker
for active enhancers and promoters (23); H3K4me2, a marker
for active promoters, and active and poised enhancers; and
H3K4Me3, a marker for promoters (24). As can be seen in Fig.
1D, as many as 23%, 70%, and 92.6% of the CD74 peaks were
bound by H3K4Me3, H3K27Ac, and H3K4me2, respectively.
Furthermore, CD74 activation led to up-regulation of H3K4me?2
in areas of CD74 binding, which is linked to active transcription
(Fig. 1E). Thus, CD74 activation leads to changes in the land-
scape of the genome methylation pattern. The released CD74—
ICD binds the genome in these regulatory areas.

ChIP-seq analysis of CD74 binding to the chromatin in activated
CLL cells yielded several hundred to several thousand peaks for
each patient. This relatively small number of peaks indicated that
CD74 binding to the chromatin is limited to genes controlling
specific cellular processes. We next aimed to identify the processes
regulated by CD74. GREAT analysis revealed that CD74 binding
to the genome in CLL activated cells was specific to pathways re-
lated to the immune system. The predominant biological processes
found were related to immune activation and response (Fig. 24).
In addition, analysis of diseases related to the genes associated with
the CD74-ICD binding peaks revealed association to hematopoi-
etic cancers, including CLL, acute lymphoblastic leukemia, and
other immune disorders (Fig. 2B).

CD74 Activation Leads to Regulation of Transcription. We next
wished to correlate the regions bound by CD74-ICD to genes
whose expression is regulated by CD74. To this end, an RNA-seq
analysis of mRNA levels in CD74 activated cells was performed.
CLL cells from three different patients were stimulated with anti-
CD74 or isotype control IgG antibodies. After 2- or 8-h stimulation,
mRNA was extracted and sequenced. mRNA-seq analysis dem-
onstrated a significant change (absolute change >2; false-discovery
rate < 0.05) in 106 genes 2 h postactivation, and in 584 genes
8 h postactivation.

Functional annotation using Qiagen’s Ingenuity Pathway Analysis
(IPA; www.ingenuity.com) revealed that the CD74-regulated genes
were enriched with genes involved in the inflammatory responses
and hematological system development and function (Fig. 34). The
differentially expressed genes were clustered to three clusters (Fig.
3B). In cluster 1, genes were moderately up-regulated 2 h following
activation, and strongly up-regulated 8 h postactivation. This cluster
was enriched in genes involved in the NF-kB cell death and survival
of immune cells (P = 7.93 x 1072%), consistent with the role of CD74
in B-cell survival. Cluster 2 was characterized by genes that were up-
regulated shortly after activation, and remained at high levels at the
later time point. Those genes were mainly related to immune cell
trafficking and recruitment of leukocytes (P = 9.47 x 10). Cluster
3, on the other hand, was characterized by a slight down-regulation
in the 2-h postactivation time-point, and strong down-regulation 8 h
postactivation. This cluster was enriched with genes related to cell-
cell signaling and adhesion of blood cells (P = 4.34 x 10~°). Thus,
at both the mRNA level, as well as at the DNA-binding level, CD74
had a significant effect on immune response and survival pathways.

Our next aim was to correlate between the genes that were
bound in their proximity by CD74-ICD and were regulated at
the mRNA level. To perform this analysis, BETA software was
used (25). BETA (binding and expression target analysis) is a
software package that integrates ChIP-seq of transcription fac-
tors or chromatin regulators with differential gene-expression
data to infer direct target genes. At 2 h following CD74 activa-
tion, the regulatory potential of the up-regulated genes was sig-
nificantly higher relative to the nonregulated genes (P = 7.57 X
1077). At 8 h following CD74 activation, both the up- and down-
regulated genes had a significantly higher regulatora/ potential
relative to the nonregulated genes (P = 3.98 x 10~ ®and P =
7.67 x 1077, respectively) (Fig. 3C), indicating that CD74 asso-
ciation with the chromatin directly affects gene transcription, and
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Fig. 2. CD74 has a specific immune oriented role as a transcription factor.
CLL cells from four samples were activated with anti-CD74 activating Ab for
1 h. Following activation, the cells were fixed, and ChIP-seq was conducted
using CD74 Ab. GREAT analysis of the high confidence peaks was performed.
The local directed acyclic graph is shown. The numbers relates to the bi-
nomial fold-change. (A) The biological processes controlled by CD74 identi-
fied by Gene Ontology (GO) analysis. (B) Enriched terms in disease ontology
showing that CD74 specifically binds in the proximity of genes that are in-
volved in diseases relating to lymphocytes, specifically in different types of
lymphomas. dsDNA, double-stranded DNA.

that CD74 functions both as an inhibitor and an activator of gene
transcription.

We next wished to examine the function of the regulated genes.
The output of BETA was used to extrapolate genes that have
regulatory potential based on both the ChIP-seq and the mRNA-
seq. All genes that were up-regulated 2 h postactivation were also
elevated at the 8-h time point; thus, function analysis was performed
for genes regulated at 8 h. Ingenuity analysis revealed that within
the set of genes that were bound by CD74 and regulated at the
mRNA level, genes whose mRNA levels were down-regulated 8 h
following CD74 activation did not have a clear pattern of functions,
whereas genes whose mRNA was up-regulated 8 h after CD74
activation were greatly enriched for apoptosis-regulating genes,
which also correlates with CD74 function in cell survival.

CD74 Forms a Complex with Known Transcription Factors. Tran-
scription regulators often function as part of a transcription
complex (26). The complex formed by a transcription factor
determines its binding and function. Because CD74-ICD is a
short peptide of 42 amino acids, it is plausible that it forms
complexes with additional proteins. We therefore searched for
common binding motifs for CD74 and additional transcription
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Fig. 3. CD74 activation leads to transcription regulation. Samples from three
patients were activated with either anti-CD74 or control IgG antibodies for 2
and 8 h. mRNA was extracted and subjected to mRNA sequencing. mRNA levels
were compared between CD74- and IgG-activated cells. (A) Differentially
expressed genes at the 8-h time point (P,g; < 0.05, absolute fold-change > 2,
reads count of at least 20 in at least one sample) were analyzed using the In-
genuity system. Log2 ratios of CD74 activation versus IgG are depicted in a color
scale. (B) Differentially expressed genes in response to CD74 activation after 2 or
8 h (total of 603 genes) were clustered to three clusters using Euclidean distance
measure. For each patient and time point, log2 ratios of CD74 activation versus
1gG is shown. Cluster 1 includes genes that are up-regulated at 2 h, and more
strongly up-regulated at 8 h; cluster 2 is characterized by genes that were up-
regulated shortly after activation, and remained at high levels at the later time
point; and cluster 3, in which the genes are down-regulated at 2 h, with stronger
down-regulation seen at 8 h. Enriched pathways are indicated near each cluster.
(C) BETA software was used to correlate between the genes that were bound in
their proximity by CD74, and genes that were regulated at the mRNA level.

factors using the Genomatix overrepresented transcription factor
binding site tool (27).

As shown in Table S4, CD74 was predicted to bind the same
binding sites used by additional transcription factors. Although
APIF is the most highly represented transcription factor family,
it has been shown that the binding-motif profile of API1 is
overrepresented in many ChIP-seq assays in a nonspecific man-
ner (28). Taking into account the mRNA levels found in CLL
cells in the mRNA-seq assay, we focused on two families of
transcription factors that are predicted to interact with CD74,
HAML [the Runt related transcription factor (RUNX) family],
and the NF-xB family, both with established function in CLL.
CD74 activates the p65 member of the NF-xB family in B cells
(5, 7) and CLL cells (11), and RUNX1/acute myeloid leukemia
(AML)1 is the most frequently implicated transcription factor in
human leukemias (29). The binding motifs of CD74 that were
shared with HAML and NF-kB are presented in Table S5.

First, mRNA levels of RUNX family members were followed
in CLL cells. mRNA sequencing revealed that RUNX1 and
RUNX3 were both highly expressed in CLL cells [reads per
million mapped reads (RPKM) RUNX1 > 7, RPKM RUNX3 >
13]. Moreover, RUNX3 levels were significantly up-regulated
(fold-change at 8 h = 2.03, P,q; = 4.4 x 107'%) following CD74
activation (GEO accession no. GSE88957). We next wished to
determine whether CD74 and RUNX form a protein complex.
CLL cells were activated for 1 h with CD74 Ab. Total proteins
were extracted, and CD74-ICD was immunoprecipitated. Im-
munoprecipitates were analyzed for RUNX1 and RUNX3. As
can be seen in Fig. 44, CD74 pulled down RUNX1/3, suggesting
complex formation of these two factors in activated CLL cells.

The other family of proteins predicted to work in a complex with
CD74 is the NF-kB family. We previously showed that CD74-ICD
activates the p65 (RelA) member of NF-xB (5, 7). In addition,
activation of NF-xB was detected in CD74-activated CLL cells
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(11). To determine whether CD74 forms a physical interaction
with NF-kB, a coimmunoprecipitation experiment was performed.
CD74 was immunoprecipitated from lysates of CD74 activated
CLL cells and the presence of RelB (Fig. 4B) and RelA (Fig. 4C)
in the pulled-down proteins was analyzed. RelA, but not RelB, was
pulled down with CD74, suggesting a specific complex formation
between CD74 and RelA. CD74-ICD translocates to the nucleus
and induces the activation of the p65 member of NF-kB within the
nuclear compartment (6). As shown in Fig. 4D, the CD74/RelA
complex was detected in both cytoplasmic and nuclear fractions,
suggesting that the complex of these two proteins is formed in the
cytoplasm and translocates to the nucleus to regulate transcription.

We next analyzed the mRNA levels of genes that are NF-xB or
Runx1/3 targets following CD74 activation. A significant up-
regulation of NF-kB family members and of genes that are part of
the NF-«xB survival pathways (RNA-seq results and Fig. 54) and
Runx1/3 (RNA-seq results and Fig. 5B) was detected in CLL cells
following CD74 activation. To verify our results, the regulation of
the expression of two NF-kB target genes, TRAF1 and BIRCS3,
bound in their proximity by CD74-ICD and involved in cell sur-
vival, was analyzed. As shown in Fig. 5C, protein levels of TRAF1
and BIRC3 were significantly up-regulated 48 h following CD74
activation. Furthermore, the message levels of these proteins were
significantly reduced when CD74 expression levels were down-
regulated by small-interfering RNA (siRNA) (Fig. 5D).

These results imply an intricate connection between CD74 and
additional transcription factors, and show that CD74 and NF-xB or
RUNX1/3 bind chromatin in a complex to regulate gene transcription.

Discussion

Transcription regulators are characterized by their ability to enter the
nucleus, bind the chromatin, and affect gene transcription. In the
present study, using ChIP-seq, we demonstrated that activation of
CD74 expressed on CLL cells induces binding of CD74-ICD to
chromatin. This fragment binds to transcription binding sites and
regulatory areas of genes that control the immune response, and are
overexpressed in leukemia and other immune diseases, indicating that
CD74 has a specific role in regulating genes controlling those diseases.
To further understand the effect of CD74 on gene regulation, we used
mRNA-seq and analyzed the levels of mRNA following CD74 acti-
vation. Genes with a gain in gene expression after 2 h of CD74 acti-
vation tended to also have an enrichment of CD74 binding sites. After
8 h of CD74 activation, both up- and down-regulated genes were
enriched in CD74 binding sites. This finding further strengthens our
hypothesis of a role for CD74 as a transcription factor.

1 2 3 1 2 3
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Fig. 4. CD74 forms a complex with other transcription factors to regulate
transcription. CLL cells were activated for 1 h with CD74 Ab. Total proteins were
extracted, and immunoprecipitation was performed with anti-CD74 or isotype
control antibodies. Proteins were separated on a 10% gel, and immunoblots
were analyzed for RUNX1 and RUNX3 (A), RelB (B), and RelA (C). (D) CLL cells
were activated for 1 h with anti-CD74 Ab. Nuclear and cytoplasmic fractions were
separated using the Nucbuster extraction kit. Immunoprecipitation was per-
formed using CD74 Ab (lanes 1 and 3) or IgG control Ab (lanes 2 and 4). Immu-
noprecipitates were separated on 10% SDS/PAGE, and analyzed for RelA.
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Fig. 5. CD74 up-regulates expression of genes that are part of the NF-xB-
induced survival cascade. (A and B) CLL cells from three patients were acti-
vated with anti-CD74 Ab for 2 and 8 h. (A) mRNA-seq showing elevation in
genes that take part in the NF-kB survival pathway. For B-cell activating
factor (BAFF)-R level determination, CLL cells were activated with CD74 Ab
for 18 h. mRNA was extracted, and BAFF-R levels were determined using
gRT-PCR (n = 4, P < 0.05). (B) mRNA-seq showing elevation in genes that are
Runx1/3 targets. (C) TRAF1 and BIRC3 protein levels 48 h following activation
were analyzed by FACS. Graph presents fold-change relative to unactivated
cells (n=4, P<0.01; n=6, P < 0.05). (D) CLL cells (5 x 10°) were transfected
with siRNA against CD74 or control siRNA. After 24 h, cells were harvested,
RNA was purified and mRNA levels of TRAF and BIRC3 were analyzed by qRT-
PCR (n =7, *P = 0.047 for TRAF, P =0.0258 for BIRC3). *P < 0.05; **P < 0.01;
***%p < 0.001; ****P < 0.0001.

Our results suggest that CD74-ICD binding to chromatin in-
duces the expression of various processes, including cell survival
and cell-cell signaling. The prosurvival genes are part of several
survival pathways, including the TNF-, B-cell receptor-, CD40-,
and NF-kB-induced signaling cascades. These results indicate that
the role of CD74 in survival is achieved by CD74-ICD binding to
survival gene regulatory areas in chromatin following its activation,
and causing up-regulation at the mRNA and at the protein levels.

CD74-ICD is a small 42-amino acid peptide, with no distinctive
DNA binding region, supporting the notion that it exerts its func-
tion in a complex with other transcription factors. Based on bio-
informatics predictions of potential coregulators, we focused on the
RUNX family and NF-kB. RUNX1 and RUNX3 are both expressed
at various hematopoietic stages (25). Additionally, RUNX3 was
found to bind the promoter of RUNXI1 and suppress its expression
(30), and thus the expression of these proteins is linked. Our results
suggest that CD74 and the RUNX proteins form a complex. Al-
though the exact function of this complex is, as yet, unknown, these
results suggest a joint function for CD74 and the RUNX proteins.

It has been known for some time that there is cross-talk between
the CD74 and NF-«B pathways (5, 7). Based on the current results,
we suggest that CD74 regulates NF-xB activity at several levels
(Fig. S2). First, CD74 activation leads to its binding to the RelA
promoter and up-regulating its levels in the cell, conceivably in a
complex with other transcription factors. Examination of the
transcription factors that share a binding motif with CD74 and are
expressed in CLL cells, leads us to propose that this transcription
factor might be AP1, NRF1, ZF5, ELF2, or SPI1. RelA levels are
then up-regulated and form a complex with CD74 in the cytoplasm,
which is translocated to the nucleus to bind chromatin and regulate
transcription. Binding of the complex to the chromatin in proximity
to genes of NF-kB family members, such as RelB and NFKB2,
promotes their transcription. In addition, binding of this complex
to the chromatin leads to up-regulation of genes involved in the
NF-kB-induced cascade, such as TRAF1, TRAF2, BIRC3, CD40,
and others. Although CD74 activation leads to up-regulation of
both RelA and RelB, a complex of CD74 and RelB was not de-
tected, indicating that CD74 specifically binds RelA.

The nuclear localization sequence of CD74-ICD is not known.
Small peptides like CD74-ICD generally migrate into the nuclear
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pore by diffusion (31). However, migration by diffusion can only
occur until equilibrium is achieved. It appears that an active
translocation process induces entry of CD74-ICD to the nu-
cleus. Our results suggest that binding of CD74-1CD to addi-
tional transcription factors facilitates its translocation to the
nucleus. It is also possible that the intracellular domain of CD74
is phosphorylated before the RIP process, which may lead to
binding to a carrier protein that transports the CD74-ICD to
the nucleus.

MIF and the newly characterized MIF2 are the natural ligands
of CD74 (32, 33). Depending on the cell type, this pathway ac-
tivation requires the involvement of the coreceptors CD44,
CXCR2, or CXCR4 (34-36). The role of MIF2 in B-cell function
and B-cell-dependent diseases has not been addressed. It will be
essential to compare the binding region and target genes acti-
vated by MIF and MIF2, and whether the various CD74
coreceptors influence the transcription regulatory role of CD74.

Our results indicate a crucial role for CD74-ICD as a transcrip-
tion regulator, controlling pathways involved in immune regulation
and immune diseases. Further analysis of these processes will iden-
tify specific DNA sequences that are involved in this interaction, and
essential pathways regulating B-cell survival in health and disease.

Materials and Methods

Cells. B cells obtained from the peripheral blood of CLL patients at varying
disease stages were provided in compliance with the Institutional Review
Board of Kaplan Medical Center in Rehovot, Sourasky Medical Center in Tel
Aviv, and Laniado Hospital-Sanz Medical Centers in Netanya, Israel, as pre-
viously described (11). Patients were staged according to Binet et al. (37). A
list of patients appears in Table S1. CLL lymphocytes were purified as de-
scribed previously (11). Informed consent was obtained from all participants.

RNA Isolation and Reverse Transcription. mRNA from primary human CLL cells
was isolated using PerfectPure RNA Cultured Cell Kit (5 Prime), according to
the manufacturer’s instructions. mRNA levels were analyzed by quantitative
real-time PCR, as previously described (11). Primer sequences (Sigma-Aldrich)
are listed in Table S6.

RNA-Seq. Total RNA was extracted from 5 x 10° cells from three patients, with
CD74 or IgG activation. Illumina libraries were constructed from total RNA
using the Illumina TruSeq RNA Sample Preparation v2 (Cat. no. RS-122-2002,
Illumina) according to the manufacturer’'s instructions. Indexed samples
were sequenced in an Illumina HiSEq. 2500 machine in a single-read mode.
The sequence yield was between 19.3 and 23.8 million reads per sample.

RNA-Seq Analysis. TopHat (v2.0.10) was used to align the reads to the human
genome (hg19) (38). Of the reads, 92% were uniquely aligned to the genome.
Counting reads on hg19 RefSeq genes (downloaded from igenomes) was done
with HTSeg-count (v0.6.1p1) (39). Differential expression analysis was performed
using DESeq2 (40). A two-factor model including CD74 activation (CD74 antibody
or IgG) and the patient was built using DESeqz2 (1.6.3). Raw P values were adjusted
for multiple testing using the procedure of Benjamini and Hochberg.

Immunofluorescence and Flow Cytometry. Isolated CLL cells were stained using
specific antibodies, as previously described (11). The antibodies list can be found in
SI Materials and Methods, by the Genomic unit, Weizmann Institute of Science.

CD74 Stimulation. CD74 was activated, as previously described (11).

Calcium Phosphate Transfection. The 293T HEK cells were cultured and
transfected as previously described (6).

ChiIP-seq and Its Analysis. ChIP-seq of 293T HEK cells: ChIP-seq was performed
as previously described (26), with some modifications described in S/ Mate-
rials and Methods, by the Genomic unit, Weizmann Institute of Science.
ChIP-seq for CLL: CD74 activated CLL cells were fixed with 1 mL of 2 mM
DSG solution and shaken at room temperature. After 35 min, 66.7 pL of
formaldehyde was added. After 8 min at room temperature, 52 pL 2.5 M
glycine was added to the culture to quench the fixation reaction. ChIP DNA
was processed as previously described (41). Libraries were evaluated by
Qubit and TapeStation. Sequencing libraries were constructed with barcodes
to allow multiplexing of different samples on one lane. Between 14 and
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40 million single-end 60-bp reads were sequenced per sample on an Illlumina
HiSEqg. 2500 v4 instrument.

Adapters were trimmed using the Cutadapt tool (42). Following adapter
removal, reads that were shorter than 40 nucleotides were discarded (Cuta-
dapt option —m 40). The reads were aligned uniquely to the human genome
(hg19) using Bowtie (v1.0.0) (43). CD74 bound regions, H3K4Me2 and
H3K4Me3 peaks were detected using MACS2 (v2.0.10.20131216) (44). H3K27Ac
peaks were also detected with MACS2 using the broad option. CEAS (v1.0.2)
was used to obtain statistics on ChIP enrichment of genomic features (21).
MACS2 bedGraph files were converted to bigWig files for visualization.

To define "high-confidence peaks,” 3,575 peaks that were shared by at
least two samples were obtained using the Bedtools suite (45). The summit
of each shared peak was extracted from one of the samples.

The ngs.plot package was used for plotting H3K4Me2 profiles over the
high-confidence CD74 peak summits (46). Overlap between the CD74 peaks
and the histone modification peaks was identified using the Bedtools suite.

GREAT analysis was done using the 3,575 high confidence peaks with the
two nearest gene-association rule settings (20).

ChIP-Seq and RNA-Seq Integration. The BETA tool was used for the integration
of the RNA-Seq and ChIP-SEq. (25). Detailed descriptions can be found in S/
Materials and Methods.
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Coimmunoprecipitation. For coimmunoprecipitation, 1-5 pg Ab was added to
a total of 500 pL lysate and incubated overnight at 4 °C. Dynabead Protein G
Magnetic Beads (12-25 puL; Thermofisher) were washed with binding/block-
ing buffer (0.5% BSA, 0.5% Tween 20 in PBS), and then added to each tube
and incubated for 1 h at 4 °C on a rotator. Beads were pelleted, washed and
resuspended in 20 uL of 1x Reducing Loading Buffer and separated on 10%
(wt/vol) acrylamide gel.

Cell Fractionation. Cell fractionation was preformed using the NucBuster
protocol, as described in detail in S/ Materials and Methods.

CD74 Down-Regulation by siRNA. CD74 siRNA was introduced by electro-
poration using a Nepagene (Ichikawa) as previously described (47). Sequences
are listed in S/ Materials and Methods.
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