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High expression of the forkhead box P1 (FOXP1) transcription fac-
tor distinguishes the aggressive activated B cell (ABC) diffuse large
B-cell lymphoma (DLBCL) subtype from the better prognosis ger-
minal center B-cell (GCB)-DLBCL subtype and is highly correlated
with poor outcomes. A genetic or functional role for FOXP1 in
lymphomagenesis, however, remains unknown. Here, we report
that sustained FOXP1 expression is vital for ABC-DLBCL cell-line
survival. Genome-wide analyses revealed direct and indirect FOXP1
transcriptional enforcement of ABC-DLBCL hallmarks, including the
classical NF-xB and MYD88 (myeloid differentiation primary response
gene 88) pathways. FOXP1 promoted gene expression underlying
transition of the GCB cell to the plasmablast—the transient B-cell
stage targeted in ABC-DLBCL transformation—by antagonizing path-
ways distinctive of GCB-DLBCL, including that of the GCB “master
regulator,” BCL6 (B-cell lymphoma 6). Cell-line derived FOXP1 target
genes that were highly correlated with FOXP1 expression in primary
DLBCL accurately segregated the corresponding clinical subtypes of a
large cohort of primary DLBCL isolates and identified conserved path-
ways associated with ABC-DLBCL pathology.

FOXP1 | DLBCL | lymphoma

D iffuse large B-cell lymphoma (DLBCL) is the most common
non-Hodgkin’s lymphoma, striking ~69,000 new patients
annually in the United States (1). Although previously diagnosed
and treated uniformly based on morphology and surface markers
(2, 3), gene expression profiling (GEP) defined two major sub-
types corresponding to the suspected B cell of origin (2, 3): the
germinal center (GC) B cell for GCB-DLBCL (2) and the ac-
tivated B cell (ABC) plasmablast (PB) for ABC-DLBCL (2).
PBs exist transiently before terminal commitment to plasma
cells (PC) and are proposed to be targeted for transformation
in ABC-DLBCL (2, 4).

A hallmark of ABC-DLBCL is constitutive activation of the
classical NF-kB pathway (4, 5). Activation of IKKB and NF-«xB
signaling downstream of the B-cell receptor (BCR) (6) depends on
the CBM complex, a signaling hub that includes CARD11, BCLI10,
and MALT1 (4). Roughly 10% of ABC-DLBCLs have CARD11
mutations (6). Another ~10% harbor activating mutations in BCR
components, including signal-transducing subunits CD79A and
CD79B (6, 7). ABC-DLBCLs associated with chronic activation of
BCR signaling (CABS) are specifically killed by shRNA targeting
CBM components (4, 7). Another major route to NF-«xB activation
in ABC-DLBCL is via MYDS88 (myeloid differentiation primary
response gene 88), an adaptor protein whose mutation in ~40% of
ABC-DLBCL cases (8) up-regulates gene expression signatures of
NF-xB, JAK-STAT, and type I IFN signaling (8).

Current multiagent chemotherapy achieves ~80% 3-y survival for
GCB-DLBCL, but only 45% for patients with ABC-DLBCL (1),
and most ABC-DLBCL patients relapse with refractory disease (3,
9). GEP revealed genes associated with the length of survival (10).
These “classifier” genes reflected biological features of the tumors
that influenced the efficacy of chemotherapy (11). One such clas-
sifier gene is the transcription factor (TF) forkhead box P1
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(FOXPI) (9). Implicated in development, proliferation, and differ-
entiation in multiple contexts (12-16), FOXP1 is highly expressed in
ABC-DLBCL relative to its levels in normal PB or in GCB-DLBCL
(2, 3,9, 17). Chromosomal loss, gain, or fusion of FOXPI is associ-
ated with several B-cell malignancies, including a modest frequency
in ABC-DLBCL (18-20). However, ABC-DLBCL tumors without
such aberrations still show increased FOXP1 levels relative to GCB-
DLBCL (20). The FOXP! locus encodes multiple isoforms (13, 15,
17), and its shorter isoform 9 is up-regulated upon activation of
nonmalignant B cells and overexpressed in ABC-DLBCL (17).

Here, we demonstrate that FOXP1 is a central regulator of ABC-
DLBCL subtype distinction that directly or indirectly regulates
hallmark DLBCL pathways, including repression of apoptosis, GCB
cell identity, and tumor surveillance, while enforcing PB identity,
hyper-NF-«B activity, and MYDS8S signaling.

Results and Discussion

FOXP1 Expression Is Required for Viability of ABC-DLBCL but Not GCB-
DLBCL Cell Lines. Comparison of FOXP1 protein levels in ABC-
(TMDS, HBL1, and OCILy10), GCB-(BJAB, HT, and OCILy19),
and OCILy8S, considered to have an intermediate cell of origin,
confirmed higher expression of both major FOXP1 isoforms
1 (~75 kDa) and 9 (~65 kDa) (17) in ABC lines (Fig. 14 and S/
Appendix, Fig. S1). We used inducible shRNA knockdown (KD) to
assess FOXP1 loss as a function of time. Optimized inducible KD
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FOXP1 is highly expressed in ABC-DLBCL cell lines, and its loss results in their death by apoptosis. (A) Anti-FOXP1 Western blot of whole cell lysates

prepared from DLBCL cell lines shows stronger expression of FOXP1 isoforms 1 and 9 in ABC- than in GCB-DLBCL lines. (B) Heat map of FOXP1 probes after
FOXP1 knockdown in HBL1 and TMD8 with indicated shRNAs and at indicated time points (microarray accession no. GSE64586). (C) Assessment of FOXP1
knockdown by RT-gPCR normalized to GAPDH in the indicated cell lines after 4 d of doxycycline (dox) (1-10 pug/mL) induction of shRNA. Data include a
minimum of four biological repetitions; error bars are SE of the mean. (D) Western blot of FOXP1 KD after 4 d of dox induction in TMID8 and HBL1 cell lines
confirms reduction in FOXP1 protein level with two different shRNAs; bar graphs are normalized to GAPDH and compared with nonspecific ShRNA control
(dox control). (E) Loss of cell viability of ABC- but not GCB-DLBCL lines after 12 d of inducible FOXP1 KD as assessed by constitutive GFP levels independently

encoded by the FOXP1 shRNA vector pRSMX.

(defined as >50% KD with multiple shRNAs at transcript and/or
protein levels) (Fig. 1 B-D) was monitored by FACS to determine
the percentage of live (GFP*) cells at indicated days (Fig. 1E). Nine
to 12 d after sShARNA induction, we observed ~80% cell death of
HBL1 and TMDS. Each line carries activating BCR mutations in
CD79B ITAMs (Y196F; Y196H) and the MYD88 L265P acti-
vating mutation (7, 21). Singular loss of FOXP1, nonetheless,
was sufficient for cell death. In contrast, equivalent KD in
GCB-DLBCL lines HT and OCILy19 had no effect on viability
(Fig. 1D). When we achieved at best ~60% FOXP1 KD of FOXP1 in
ABC line OCILy10, cell death was not observed. This observation
was consistent with a recent report that also failed to observe FOXP1
KD-mediated cell death in OCILy10 (22). This finding could indicate
that survival of all ABC lines are not dependent on FOXP1I.
Alternatively, because OC1Ly10 expresses FOXP1 at the highest
levels of any in our panel of Fig. 14, it is likely that the absolute—not
relative—levels of FOXP1 determine sensitivity to death.

Direct FOXP1 Transcriptional Target Genes Are Highly Correlated Among
ABC-DLBCL Lines and Overlap only Modestly with GCB-DLBCL Target
Genes. We next assessed global GEP of TMDS and HBLI1 after
FOXP1 KD with several independent shRNAs across multiple time
points before the advent of cell death; 553 of 19,526 genes were up-
regulated and 563 of 19,526 were down-regulated upon FOXP1 KD
(see Materials and Methods for modulation cutoffs), and high GEP
concordance was observed among cell lines (SI Appendix, Fig. S2).
To identify directly deregulated transcript expression, we performed
FOXP1 ChIP-seq on ABC-(HBL1, TMDS, OCILy10), GCB-(HT,
BJAB, OCILy19), and the ABC/GCB intermediate, OCILy8, lines.
Several of these targets were confirmed by ChIP endpoint PCR
(ST Appendix, Fig. S3). Read profiles generally identified stronger
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FOXP1 enrichment at transcriptional start sites (TSSs) in ABC
relative to GCB lines (Fig. 24). To eliminate bias from different
peak numbers or cutoff levels between ChIP-seq datasets, the same
number (5,452) of top peaks was used for downstream analyses,
with the assumption that GCB peak sets contained more false
positives. As shown in Fig. 2B, FOXP1 binding sites within proximal
“core” promoters (+2 kb of TSS) were substantially higher in ABCs
and were readily distinguished from GCBs by Pearson correlation
of peak scores on target positions (Fig. 2C).

FOXP1 motif enrichment using MEME (23) revealed FOXP1
consensus binding sites within proximal promoters and putative
intronic and long-range enhancers in all lines tested (Fig. 2D).
That the consensus motif was common among both ABC- and
GCB-DLBCLs suggested that FOXP1 acts through similar path-
ways. Indeed, gene ontology (GO) analyses of TGTT bound genes
(SI Appendix, Table S1) identified numerous significantly over-
lapping pathways (~80) and many (~22) with strong P values (<107,
including the following: regulation of transcrlptlon from RNA
polymerase II promoter (P = 6 55 x 107°), positive regulation of
transcription (P = 2.38 x 10™*), and apopt051s (P=3.11x107%.
We also identified many unique pathways in ABC (121 s1gn1f1-
cant; 8 with P < 107*) and in GCB (105 significant; 10 with P < 107).
Venn diagrams revealed 2,446 of 5,452 overlapped peaks in at
least two ABC lines compared with 1,100 in at least two GCB
lines (Fig. 2E). This indicated high concordance among ABC
target loci, in agreement with GEP data (SI Appendix, Fig. S2).
Comparison of FOXP1 targets among two ABC and two GCB
lines identified only 16 overlapped peaks in all four lines, but 935
between ABC lines and 376 between GCB lines (Fig. 2E). Thus,
direct FOXP1 targets are highly correlated among ABC lines,
but less so between ABC and GCB lines.

Dekker et al.
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Fig. 2. Genome-wide analyses reveal direct transcriptional targets and pathways regulated by FOXP1 in DLBCL. (A) Binding profile of FOXP1 at core pro-
moters in ABC lines (Top) and GCB lines (Bottom) indicates higher read counts in ABC lines. (B) Pie chart representation of the distribution of FOXP1 binding
sites in six genomic regions of each DLBCL cell line tested. Core promoters are +2 kb from the transcriptional start site (TSS); upstream, 2-20 kb upstream from
the TSS; and intergenic, regions not included as a promoter, upstream region, intron, or exon. ABC lines show a higher proportion of proximal promoter binding than
that of GCB lines. (C) Pearson correlation of ChIP-seq peaks (n = 5,452) distinguishes ABC-DLBCL lines from GCB-DLBCL lines. (D) De novo motif analysis from FOXP1
ChIP-seq in DLBCL cells. Analysis of the top 1,000 ChIP-seq peaks from each line using MEME identified the consensus TGTTT FOXP1 binding motif as significantly
enriched in each line. (E) Venn diagrams of ABC lines, GCB lines, and two ABC with two GCB lines. ABC lines shared more peaks than GCB lines, indicating high
concordance among ABC target loci. Targets among two ABC and two GCB lines revealed only 16 overlapped peaks in all four lines, with 935 overlapping in ABC lines
and 376 in GCB lines, further indicating high correlation among ABC lines but low correlation between ABC and GCB lines.

FOXP1 Target Genes Distinguish ABC- from GCB-DLBCL and Underlie  with transcripts expressed in an extended panel of ABC- and
ABC-DLBCL Pathology. We next compared transcripts directly ac-  GCB-DLBCL lines (see Fig. 3 and SI Appendix, Fig. S4 for
tivated or repressed by FOXP1 in TMDS8 and HBL1 ABC lines  readable color-coded genes). Clustering based on correlation of
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Fig. 3. Expression of direct FOXP1 target genes is sufficient to differentiate
ABC- from GCB-DLBCL. Direct FOXP1 target genes whose expression was
modulated in TMD8 and HBL1 cells lines (qualifying genes reached log2
values of +0.3 change in 5 of 12 microarray KD samples) were used for un-
biased clustering of their corresponding endogenous expression levels in a
panel of 11 ABC (blue) and 16 GCB lines (orange; top). Targeted genes are
identifiable in order by color code left of heat map in S/ Appendix, Fig. S5.
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expression patterns segregated ABC- and GCB-DLBCL types
with high concordance. Notably, GCB-DLBCL lines with high
absolute levels of FOXP1 (e.g., Lyl and Karpas_422) were still
accurately clustered. Thus, direct FOXP1 transcriptional targets
are sufficient to distinguish ABC-DLBCL, regardless of their
transforming mutations.

Previously defined classifier genes (2, 24) were analyzed for
perturbation after FOXP1 KD (SI Appendix, Fig. S5). Consistent
with the above results, the majority of ABC classifiers were down-
regulated, and the majority of GCB classifiers were up-regulated.
That some classifiers were modulated in an inconsistent direction
underscores the well-known heterogeneity among primary isolates
(20, 25, 26). GO and pathway analyses (10, 27) predicted highly
significant deregulation of signatures associated with B-cell/leu-
kocyte activation and regulation of apoptosis/cell death in ABC
lines (SI Appendix, Fig. S6). Also significantly reduced by FOXP1
KD were DLBCL-related signatures composed of genes within
MYDS8, JAK2, and NF-«kB pathways (P = 2.25 x 1078, 1.06 x
10™, and 7.36 x 1077, respectively) (SI Appendix, Table S2). In
contrast, FOXP1 KD in GCB lines up-regulated MYDS88 and
JAK pathway transcripts typically repressed in ABC-DLBCL (P =
4.58 x 107 and 5.67 x 107'%) and pathways typically up-regulated
in GCB-DLBCL, including the BCL6 (B-cell lymphoma 6)-trans-
formed (GCB-DLBCL) and BCL6-untransformed GCB cell
gene signatures (P = 1.26 x 107, 7.99 x 107, and 2.21 x 107",
respectively) (SI Appendix, Table S2). Pathway analysis of direct
FOXP1 target genes, identified by merging GEP and ChIP-
seq, were enriched for the same signatures (SI Appendix, Table
S2). These global data, along with the viability consequences of
FOXP1 KD in ABC but not GCB lines, suggest that high
FOXP1 expression is vital to ABC-DLBCL pathology and that
its singular loss results in a GCB-like GEP phenotype.

FOXP1 Enforces Hallmark ABC-DLBCL Survival/Proliferative Pathways.
In ABC-DLBCL, MYDS88 up-regulates NF-xB, JAK-STAT, and
type I IFN signaling by virtue of the L265P mutation shared among
the ABC lines analyzed in this study (8). Within the MYD88Up
signature totaling 271 ABC-DLBCL-activated genes, 130 were
down-regulated in HBL1 and 80 in both HBL1 and TMDS upon
FOXP1 KD (Fig. 44 and SI Appendix, Table S2). The MYD88Up
signature, along with the NF-xB and JAK-STAT signatures, whose
component members often overlap, were the most perturbed upon
FOXP1 KD (Fig. 44 and SI Appendix, Table S2).

Type I IFN signaling is a consequence of MYDSS activation in
ABC-DLBCL (28). Perturbations of IFN pathways were de-
tected by loss of TNF and IL-10 transcripts upon FOXP1 KD
(Fig. 44). MYDS8S8 also promotes JAK-STAT signaling in ABC-
DLBCL, and, consistent with this data, a positive modulator of
that pathway, IL-6 (29), was directly repressed by FOXP1 (Fig. 6
A and B). Through its direct repression of IL-6, FOXP1 may also
block PC differentiation by maintaining the PB phenotype of
ABC-DLBCL.

CABS is another defining characteristic of ABC-DLBCL that
engages NF-kB (8) via the CBM complex (7). Modulated genes
within a BCR-dependent signature were virtually all activated by
FOXP1 (SI Appendix, Fig. S7). However, 21 of 23 of these genes
also fall within the MYDS88, NF-«xB, and JAK-STAT pathways
(Fig. 4 A and B). After FOXP1 KD in ABC lines, BCR clustering
was not decreased (Fig. 4B). Thus, FOXP1 contributes to CABS-
related gene expression, but only minimally to CABS-directed NF-
kB activation. Consistent with these pathway disruptions upstream
of NF-xB, IKK phosphorylation was reduced upon FOXP1 KD
(representative data shown in Fig. 4C). Thus, FOXP1 directly
regulates multiple, independent pathways underlying constitu-
tively active NF-kB.

Notable, in addition to previously identified hallmark path-
ways, was direct FOXP1 activation of ¢-MYC (Fig. 4B and SI
Appendix, Fig. S8). Most DLBCLs, including lines analyzed here,

Dekker et al.
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Fig. 4.

FOXP1 activates hallmark ABC-DLBCL pathways. (A) Venn diagram of FOXP1 up-regulated genes in three hallmark ABC-DLBCL pathways (4, 5). MyD88

(P=2.25 x 107°8), NF-kB (P = 7.36 x 10727), and JAK (P = 1.05 x 10~*%) signatures were significantly down-regulated upon FOXP1 loss. n, the number of genes
up-regulated by FOXP1 in the HBL1 cell line. (B) Chronic BCR activation, as assessed by mIigM clustering, is not perturbed by FOXP1 loss 4 d post KD in ABC line
HBL1. Indicated GCB lines were used as controls. (C) Loss of FOXP1 blocks constitutive NF-xB signaling in ABC line HBL1. After 4 d of FOXP1 KD, signaling was

assessed by Western blotting for phospho-IKKo/p and IKKg.

express high levels of MYC transcripts—an indication of worse
outcomes after R-CHOP therapy (30)—but lack amplification or
translocations of the MYC locus (4, 31). Thus, ABC-DLBCL
must achieve c-MYC overexpression by other means, and FOXP1
likely contributes. c-MYC in normal GCB cells is repressed by
BCLS6, the quintessential marker of GCB-DLBCL (31), which
is addressed in FOXPI Indirectly Antagonizes BCL6.

FOXP1 Represses Apoptosis While Promoting Cell Survival. After
FOXP1 KD, HBL1 and TMDS showed increased annexin V
staining (Fig. 54), implicating apoptosis as the likely mechanism of
cell death. Consistent with this phenotype, GO analyses identified
significant deregulation of apoptotic signatures (SI Appendix, Fig.
S6). Within these signatures, a number of proapoptotic genes were
directly repressed in ABC lines (Fig. 5 B and C). Many of the same
targets were identified in a recent study by van Keimpema et al.
(22), including the following: Aim2, encoding a component of the
canonical inflammasome; BIK, a proapoptotic BH3-only domain
member of the BCL2 family; and 7P63, a TP53/p53 homolog that

Dekker et al.

promotes apoptosis or chemosensitivity in solid tumors (22). Factors
encoded by two additional FOXP1-repressed proapoptotic target
genes, TP53INP1 and RASSF6, along with TP63, encode p53-acti-
vating tumor suppressors whose expression is correlated with bad
prognosis in DLBCL (22). Reciprocally, FOXP1 directly activated
the antiapoptotic TF, ATFS5 (32), and indirectly down-regulated the
ATFS target, EGRI (33).

FOXP1 Indirectly Antagonizes BCL6. Although both BCL6 and GCB
gene signatures are repressed by FOXP1 (SI Appendix, Table S2
and FOXPI Target Genes Distinguish ABC- from GCB-DLBCL
and Underlie ABC-DLBCL Pathology), BCL6 itself is in-
consistently repressed despite FOXP1 binding to its promoter
region (Fig. 64 and SI Appendix, Figs. S3 and S8). These data
support previous observations (34), suggesting that FOXP1 and
BCL6 control many of the same GCB identity genes. We de-
termined by GREAT analysis (35) that ~50% of the 3,200 genes
previously identified (31, 34) as bound by BCL6 were also bound
by FOXP1 in ABC- or GCB-DLBCL lines (1,705 of 3,200 and
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Fig. 5. FOXP1 prevents ABC-DLBCL cell death. (A) FOXP1 loss results in

apoptotic death of ABC-DLBCL lines as assessed by flow cytometric mea-
surement of annexin V expression 4 d after dox induction of KD. (B) FOXP1 re-
presses apoptosis-related genes and activates survival genes previously
unassociated with DLBCL pathways. (C) FOXP1 is recruited to regulatory regions
of apoptosis and survival-related genes. ChIP-seq data from seven DLBCL cell
lines are shown as read density tracks. In general, numerous loci had aligned
peaks across all seven lines, whereas many had aligned peaks only in ABC lines,
indicating different binding patterns between DLBCL subtypes. Still other mod-
ulated genes had no significant peaks, as with TP53INP1 pictured here.

1,488 of 3,200, respectively) (S Appendix, Fig. S9). Thus, FOXP1
not only directly activates the NF-kB pathway but also reinforces
its activation by counteracting the negative effect of BCL6 on
NF-kB (36).

FOXP1 Directly Represses Gene Signatures Associated with GCB Cell
Identity. As noted above, FOXP1 repressed signatures underlying
GCB cell biology (Fig. 6 4 and B and SI Appendix, Table S2). In
particular, FOXP1 repressed AICDA, which encodes the master
regulator of secondary antibody diversity, AID (Fig. 6 A and B).
Reduction of AICDA transcripts would predict a reduction in
somatic hypermutation (SHM). Consistent with this hypothesis,
BCRs expressed by primary ABC-DLBCLs often are minimally

E582 | www.pnas.org/cgi/doi/10.1073/pnas.1524677113

mutated (37-39), and transgenic FOXP1-overexpressing mice
show GCB cell deficiency (34).

Other notable GCB cell identity genes directly repressed after
FOXP1 KD include (i) IRFS, which is highly expressed in nor-
mal GCB and GCB-DLBCL (40) and negatively regulates PC
differentiation (41); (ii) GABI, an adapter that recruits SH2
domain-containing proteins to the ligated BCR (42); and (iii)
LRMP, a lymphoid-restricted membrane protein involved in Ag
receptor assembly (43) whose overexpression is a GCB-DLBCL
classifier (2, 43). Indirectly down-regulated is the GCB-DLBCL
marker, Fas/CD95 (Fig. 64).

These data suggest that appropriate timing of FOXP1 down-
regulation is essential for GC function and formation. They
further suggest (as addressed in the next section) that persistent
FOXPI expression contributes to B-cell lymphomagenesis by
premature and sustained promotion of the normally transitory
PB state.

FOXP1 Promotes the Partial Plasma Cell Differentiation Phenotype of
ABC-DLBCL. ABC-DLBCL primary isolates and cell lines dem-
onstrate gene expression similar to PBs—the cell type most likely
targeted for transformation (2, 4). Maintenance of the normal
proliferative PB state is accompanied by down-regulation of pro-
totypic B cell-specific TFs (e.g., BCL6, PAX5, and SPIB) balanced
by up-regulation of PC TFs (e.g., IRF4, XBP1, and PRDM]I) (44).
Transcripts encoding TFs critical to PC differentiation are deregu-
lated—both directly and indirectly—by FOXP1 KD in ABC lines
(Figs. 4 A and B and 64 and SI Appendix, Fig. S3). BLIMP-1/
PRDM]1, considered the “master regulator” of terminal PC differ-
entiation (45), is directly repressed by FOXP1 in our study. FOXP1
binds the PRDM1 proximal promoter in ABC lines, as well as within
an alternative, internal promoter (PRDMIp), in both ABC- and
GCB-DLBCL lines (Fig. 6 A and B and SI Appendix, Fig. S3). The
PRDM1p isoform is missing much of the positive regulatory (PR)
domain and has a diminished capacity for repressing target genes
(46). Sagardoy et al. (34) previously identified FOXP1 as an acti-
vator of PRDM1 in OCILyl, a GCB line that expresses FOXP1 at
relatively high levels (Fig. 34). That FOXP1 peak binding overlaps
in both studies at the p isoform promoter, but not at the promoter
of the major isoform, suggests that the outcome of activation vs.
repression is context-dependent.

Regulatory regions within SPIB, which encodes a prominent
B-cell ETS family TF, were strongly bound by FOXP1 (Fig. 6 4
and B and SI Appendix, Fig. S3). SPIB is often overexpressed in
ABC-DLBCL via amplification or translocation (20) and directly
represses PRDM1 while itself being repressed by BLIMP-1 (25,
44). A number of ABC-DLBCLs have eliminated functional
BLIMP-1 expression via PRDM] translocations, mutations, dele-
tions, or epigenetic silencing (26). Our data indicate that FOXP1
may collaborate with SPIB to ensure PRDM] repression—a fa-
vorable situation for retention of PB identity and ABC biology.
SPIB binds DNA cooperatively with either IRF4 or IRFS8 at ETS-
IRF composite “EICE” motifs (41). That the consensus ETS motif
GGAA was enriched within FOXP1-associated chromatin in all
lines tested (Fig. 2D) raises the possibility that SPIB may also
collaborate with FOXP1 to further fine-tune transcription of a
subset of FOXP1 target genes.

Two additional FOXP1 directly deregulated targets implicated in
the GCB-PB-PC transition were the basic leucine zipper TFs BATF
and BATF3 (Fig. 6 A and B and SI Appendix, Fig. S8). BATF is a
direct target of NF-xB that is expressed transiently in activated B
cells en route to PC differentiation and highly in ABC-DLBCL (24).

Thus, continual high expression of FOXP1 results in repression
of GCB-cell genes and activation of genes that encourage exit from
the GC, whereas full extinction of FOXP1 is necessary for terminal
PC differentiation (47).
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Fig. 6. FOXP1 represses germinal center B-cell gene and MHC Class Il ex-
pression in favor of partial plasma cell differentiation. (A) Heatmap of GCB
and plasmablast (PB)/plasma cell (PC)-related genes after FOXP1 KD via
shRNAs at indicated times in TMD8 and HBL1 ABC lines. GCB genes (left,
green) are repressed by FOXP1, whereas PB/PC genes (left, blue) are acti-
vated, with the exception of PRDM1, encoding BLIMP-1, the master regu-
lator of PC differentiation. Typically high GCB expression of MHC class I
structural (HLA) and master regulator CIITA (red) are repressed. (B) FOXP1 is
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FOXP1 Down-Regulation of HLA Class Il Expression May Contribute to
Tumor Surveillance Failure in ABC-DLBCL. Tumor cells must avoid
immune surveillance, and, consequently, lymphomas accumulate
genetic lesions in genes necessary for immune recognition. Loss
of MHC class II expression, or HLAs, is considered a hallmark
of ABC-DLBCL (10). HLAs are also lost upon normal plasma
cell differentiation due to BLIMP-1 repression of CIITA, an
essential regulator of HLA transcription (48). FOXP1 directly
repressed CIITA in HBL1 cells (Fig. 6 A and B), whereas mul-
tiple HLA genes were derepressed post-FOXP1 KD (Fig. 64).
As predicted from the target deregulation data, rescue of HLA
surface expression was observed after FOXP1 KD (Fig. 6C).

FOXP1 Target Genes Derived from Cultured DLBCL Lines Distinguish
Primary ABC- and GCB-DLBCL Isolates. Recent studies indicate that
only a small number of DLBCL cell line-derived “classifier
transcripts,” including those often used for diagnosis, are shared
among primary isolates (20, 25, 26). To investigate whether
FOXP1 targets discovered above might better deconvolute this
heterogeneity, we analyzed 32 ABC-DLBCL and 53 GCB-
DLBCL primary isolate RNA-seq datasets from the Genotypes
and Phenotypes database (dbGaP) (accession no. phs000235)
(49, 50). Transcript abundance by FPKM (fragments per kilo-
base of an exon per million fragments mapped) showed that
FOXP1 levels were significantly higher in ABC isolates com-
pared with GCB isolates (Mann-Whitney U test, P = 1.85 x 107°)
(Fig. 74). However, clustering the entire list of cell line-derived
FOXP1-bound and/or modulated genes based on gene expression
levels in primary isolates did not statistically segregate ABC sub-
types vs. GCB subtypes. This finding was not unexpected based on
previous primary DLBCL analyses (20, 25, 26), and it likely results
from redundant transcriptional regulation mechanisms and/or
modest target overlap of genes/pathways common across subtypes.
Thus, we used gene set enrichment analysis (GSEA) to correlate
expression of FOXPI with its direct and indirect targets by gener-
ating gene sets derived from the following: (i) genes bound by
FOXP1 in ABC cell lines and/or GCB cell lines; (ii) genes modu-
lated by FOXP1 KD in the HBL1 and TMDS cell lines; and (iii)
genes bound and modulated by FOXP1 (Fig. 7B and SI Appendix,
Table S3). GSEA revealed significant enrichment in multiple con-
texts (Fig. 7C and SI Appendix, Fig. S10). For example, ~25% (50 of
215) of FOXP1-bound target genes in all three ABC cell lines [false
discovery rate (FDR) g-value = 0.10] were significantly enriched in
primary ABC isolates, but enrichment in targets bound in all three
GCB cell lines was not (FDR g-value = 0.80) (Fig. 7C). When
FOXP1-bound target genes in both ABC and GCB lines (gene list
1) were enriched by correlation with FOXPI expression in ABC, as
expected, the median expression of the targets showed a descending
trend of expression in correlation with FOXPI levels in ABC
(Spearman’s rho = 0.502, P = 0.0038). In contrast, the same gene
list enriched in GCB did not follow this trend (tho = —0.0843, P =
0.6453). Therefore, subtype-specific enrichment allowed us to spe-
cifically identify FOXP1 coexpression targets in corresponding
subtypes (Fig. 7D).

Hierarchical clustering of enriched gene subsets by Pearson
correlation was capable of segregating ABC- and GCB-DLBCL
primary isolates to varying degrees (Fig. 8 and SI Appendix, Fig.
S11). For example, genes that were both directly bound and

recruited to regulatory loci of GCB and PB/PC-related genes. ChIP-seq peaks
from seven DLBCL cell lines are shown as read density tracks. In general,
many loci had aligned peaks across all seven lines, whereas others had
aligned peaks only in ABC lines, indicating different binding patterns be-
tween the DLBCL types. (C) MHC class Il expression is restored after FOXP1
loss. Pan-MHC class Il expression as measured by flow cytometry was
markedly increased 4 d after FOXP1 KD in ABC cell line HBL1 but not
in TMD8.
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Fig. 7. FOXP1 target genes correlated with its expression are able to differentiate primary ABC- from GCB-DLBCL by their expression profiles. (A) Primary

DLBCL FOXP1 transcript abundance was assessed by FPKM (fragments per kilobase of an exon per million fragments mapped). FOXP1 levels were significantly
higher in ABC isolates (Mann-Whitney U test, value of P = 1.852e-05). (B) Flowchart for identification of GSEA-derived gene lists. Genes from ABC or GCB
primary data were sorted by correlation with FOXPT expression, and expression of each gene list was analyzed by GSEA to detect enriched gene sets. (C) An
example of GSEA analysis. Target genes bound by FOXP1 in all three ABC cell lines (~25%, 50/215) were significantly enriched and positively correlated with
FOXP1 expression across ABC isolates (FDR g-value = 0.10). Conversely, direct FOXP1 target genes in all three GCB cell lines did not achieve enrichment in the
same set of FOXP1 correlated genes in the ABC primaries (FDR g-value = 0.80). (D) Box plots of enriched gene lists show that median expression of FOXP1
targets is correlated with FOXPT expression. Gene list 1 is used as an example, in primary FOXP1 (rho = 0.502 and P = 0.0038) and in GCB subtype (rho =

—0.0843, P = 0.6453).

down-regulated upon FOXP1 loss in TMDS8 and HBL1 clustered
21 of 32 ABC primary isolates as well as a majority of GCB
primary isolates, as indicated by ABC (red) and GCB (blue)
designation above the heatmaps in Fig. 8. Genes bound by
FOXP1 in both ABC lines and GCB lines provided appropriate
subtype classification when correlated with primary isolate gene
expression (SI Appendix, Fig. S11). FOXP1 target gene expres-
sion also identified GCB subtypes, conceivably because its lower
abundance in GCB-DLBCL tumors (Fig. 14) restricts binding to
higher affinity targets. The level of ABC vs. GCB segregation
achieved was equivalent to FOXP1 subtype prediction in DLBCL
cell lines (Fig. 34). Collectively, the data demonstrate that, unlike
many other classifiers (20, 25, 26), the prognostic value of high
FOXP1 expression can accurately extend to primary subtype
prediction.

Correlation of genes expressed in ABC-DLBCL primary isolates
with those down-regulated after FOXP1 KD in ABC lines revealed
a number of shared pathways. Among these pathways are several
BCL-6 signatures (31, 51), as well as signatures associated with
activation of ABC-hallmark NF-xB, MYDS88, and JAK2 pathways
(P =86x10"" P=152x 107, and P = 434 x 1077, re-
spectively) (SI Appendix, Table S4). FOXP1 target genes within
these signatures were identified as key discriminators within the
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gene lists (e.g., BCL2L1, CCR7, LAT2, MYC within “NF-xB”;
CCDC86, RUNX1, TNFRSF13B, and GADD45B within “MYDSS8”;
and ECE1, TOX2, TRIM28, and TNF within “JAK2” signatures) (SI
Appendix, Fig. S12). Further, genes up-regulated by FOXP1 KD that
were also preferentially expressed in GCB primary tumors constituted
the same major signatures but with reciprocal magnitudes: i.e.,
repression of MYDS88 and JAK2 signatures (P = 1.61 x 10~ 13
and P = 2.34 x 107", respectively) (S Appendix, Table S4). Finally,
GO analysis confirmed previously identified signatures related to
cell death, proliferation, and lymphocyte/B-cell activation (SI Ap-
pendix, Table S5).

Overall, FOXP1 gene targets in DLBCL cell lines, when applied
to primary DLBCLs, are able both to segregate ABC and GCB
subtypes and to reassemble essential DLBCL pathway signatures.

Conclusions
In this study, we report that FOXP1 is a central regulator of
DLBCL survival and subtype distinction by direct and indirect
transcriptional regulation of hallmark pathways that repress apo-
ptosis and GCB cell identity while enforcing plasmablast identity
and NF-kB signaling via the MYDS88 and JAK-STAT pathways.
It is important to note that the CABS/MYDS88/constitutively
activated NF-kB model is based primarily on ABC-DLBCL cell

Dekker et al.
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FOXP1 gene sets segregate primary ABC- from GCB-DLBCL by their expression profiles. Hierarchical clustering of enriched gene subsets de-

fined in Fig. 7 by Pearson correlation was capable of segregating ABC- and GCB-DLBCL primary isolates to varying degrees. Gene list 5 down as defined

in Fig. 7B is used as an example.

lines—the majority of which carry activating mutations.
However, singular knockdown of FOXP1 in cell lines har-
boring such mutations was capable of overcoming these sur-
vival pathways and led to cell death. In primary tumors, direct
and indirect targets of FOXP1 that correlated with FOXP1
expression segregated ABC and GCB subtypes. Further
analysis of these FOXP1 targets reinforced signatures identified
in ABC-DLBCL cell lines, including up-regulation of NF-kB,
MYDSS, JAK-STAT, and proliferative signatures and down-
regulation of BCL6 signatures that enforce germinal center
B-cell identity.

Considering the limited treatment options currently available for
ABC-DLBCL and the poor prognosis for patients with recurrent
disease, new therapeutics and diagnostics are urgently required.
Accurate diagnosis between DLBCL subtypes, as well as between
DLBCL and Burkitt lymphoma, carries significant clinical rele-
vance. We contend that further functional understanding of FOXP1
and other master TFs corrupted by ABC-DLBCL is essential for
designing better prognostic and therapeutic approaches.

Materials and Methods

shRNA Knockdown. Cells were stably transduced with a retrovirus expressing
the bacterial tetracycline repressor (TETR) and the blasticidin resistance
gene and then retrovirally transduced with Phoenix-E packaged pRSMX-PG
TETR-inducible vectors (21) containing shRNA targeted to FOXP1 or a
scrambled shRNA control (dox control). Cells were harvested for RNA iso-
lation at multiple time points. FOXP1 KD was considered sufficient for
analysis when it reached 50% or lower relative expression compared with
controls by reverse transcription quantitative real-time PCR (RT-qPCR).
SYBR green real-time qPCR was performed after high capacity cDNA re-
verse transcription, both following manufacturer’s protocols (cat. nos.
4385618 and 4368814; Applied Biosystems). Sequences of shRNAs and
primers are in S/ Appendix.
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Flow Cytometry. Flow cytometry was performed on a Fortessa flow cytometer
(BD Biosciences) and analyzed with FloJo software (TreeStar). Antibodies used
are in S/ Appendix.

Western Blots. Western blots were performed by common procedures; FOXP1
band densities were quantified with ImageJ (52). Antibodies used are in
SI Appendix.

Microarray. Total RNA was extracted using TRIzol reagent (Invitrogen) fol-
lowed by RNAeasy kit cleanup (Qiagen), and labeled cRNA was prepared as
described for Agilent human 4 x 44 microarrays. Gene expression was de-
termined by comparing signal passing confidence criteria provided by the
manufacturer from dox-induced cells with an ineffective control shRNA
(Cy3) to dox-induced cells bearing FOXP1 targeting shRNAs (Cy5) at each
time point. Data are shown as log2 ratio (Cy5/Cy3). Genes with log2 values
of +0.3 change in at least 5 of 12 microarray KD samples per cell line were
considered modulated.

ChIP-Seq. ChIP-seq assays were performed as described previously (53).
ChIP pulldowns that were performed with either an IgG1 monoclonal
FOXP1 antibody (15) or an anti-FOXP1 rabbit polyclonal antibody (54)
were optimized by Endpoint ChIP-PCR with a previously determined
FOXP1 target, the enhancer of RAG (Erag) (S/ Appendix, Fig. S3) (54).
IP for ChIP-seq was performed with the anti-FOXP1 rabbit polyclonal antibody.
DNA was analyzed by Illumina deep sequencing technology.

Data Analysis. Detailed data analysis is provided in S/ Appendix.
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