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SUMMARY

Blastic plasmacytoid dendritic cell neoplasm (BPDCN) is an aggressive and largely incurable
hematologic malignancy originating from plasmacytoid dendritic cells (pDCs). Using RNA
interference screening, we identified the E-box transcription factor TCF4 as a master regulator of
the BPDCN oncogenic program. TCF4 served as a faithful diagnostic marker of BPDCN, and its
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downregulation caused the loss of the BPDCN-specific gene expression program and apoptosis.
High-throughput drug screening revealed that bromodomain and extra-terminal domain inhibitors
(BETi’s) induced BPDCN apoptosis, which was attributable to disruption of a BPDCN-specific
transcriptional network controlled by TCF4-dependent super-enhancers. BETi’s retarded the
growth of BPDCN xenografts, supporting their clinical evaluation in this recalcitrant malignancy.

INTRODUCTION

Blastic plasmacytoid dendritic cell neoplasm (BPDCN) is a rare and aggressive hematologic
malignancy that has a characteristic skin tropism but can disseminate widely (Facchetti et
al., 2016). Although an initial response to chemotherapy is common, BPDCN prognosis is
extremely poor and most patients relapse into a drug-resistant disease with a median overall
survival of ~1 year after diagnosis (Garnache-Ottou et al., 2007; Julia et al., 2013; Pagano et
al., 2013). Allogenic stem cell transplantation is a viable therapeutic option for BPDCN, but
treatment results in only ~40% survival after 3 years (Roos-Weil et al., 2013). Hence, an
understanding of the molecular dependencies of BPDCN and the identification of targeted
strategies for therapeutic intervention are highly needed. Histologically, BPDCN was first
defined as a lineage marker-negative “plasmacytoid T cell lymphoma”, and was later
classified as "blastic NK-cell lymphoma'" and/or "CD4*CD56* hematodermic neoplasm"
based on the expression of the NK marker CD56. Subsequent studies based on the
expression of surface markers (BDCA-2/CD303, IL-3Ra/CD123), sighaling molecules
(BLNK, CD2AP, TCL1) and transcription factors (BCL11A, SPIB), clearly identified
plasmacytoid dendritic cells (pDCs) as the “cell of origin” of BPDCN (Chaperot et al., 2001;
Garnache-Ottou et al., 2009; Herling et al., 2003; Jaye et al., 2006; Marafioti et al., 2008;
Montes-Moreno et al., 2013; Petrella et al., 2002). Since 2008, this notion has been
incorporated into the WHO guidelines for the classification of tumors of hematopoietic and
lymphoid tissues, and the BPDCN acronym was established to replace the previous
classifiers (S. Swerdlow, 2008).

Recent genomic studies have addressed the molecular basis for BPDCN (Alayed et al.,
2013; Dijkman et al., 2007; Jardin et al., 2009; Jardin et al., 2011; Lucioni et al., 2011,
Menezes et al., 2014; Sapienza et al., 2014; Stenzinger et al., 2014). Collectively, these
studies identified frequent chromosomal losses (5q, 12p13, 13921, 6g23-ter, 9), inactivation
of tumor suppressors (RB1, TP53and CDKNZ2A), activation of oncogenes (NRAS, KRAS)
and mutations in epigenetic regulators (TETZ, TET1, DNMT3A, IDH1, IHD2) that are also
frequently mutated in acute myeloid leukemia (Abdel-Wahab and Levine, 2013). However,
these studies did not functionally define the molecular pathways that sustain BPDCN
viability and did not address how the origin of this malignancy from normal pDCs
influences its unique clinical behavior.

pDCs are innate immune cells that counteract viral infections, using Toll-like receptors to
sense viral nucleic acids and stimulate the production of anti-viral cytokines, including type
| (a, B) interferon. The unique functions of pDCs are fully conserved between humans and
mice (Colonna et al., 2004; Liu, 2005; Reizis et al., 2011). pDCs are related to classical
(conventional) dendritic cells (cDCs) and develop from common dendritic cell progenitors in
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the bone marrow (Reizis, 2010). The commitment to the pDC lineage is controlled by the E-
box transcription factor TCF4 (E2-2), which is preferentially expressed in both murine and
human pDCs (Cisse et al., 2008; Nagasawa et al., 2008). TCF4 also maintains pDC lineage
identity and its deletion from pDCs induces trans-differentiation into cDC-like cells (Ghosh
et al., 2010). Conversely, the E-box transcription factor inhibitor 1d2 is highly expressed in
cDCs (Spits et al., 2000), and its loss favors pDC over cDC development (Ghosh et al.,
2014). Other transcription factors are required for pDC development (IRF8, BCL11A) or
differentiation (SPIB, RUNX2) (Ippolito et al., 2014; Sasaki et al., 2012; Sawai et al., 2013;
Schiavoni et al., 2002; Schotte et al., 2004; Tsujimura et al., 2003). All are direct TCF4
targets (Cisse et al., 2008; Ghosh et al., 2010; Sawai et al., 2013) and may in turn regulate
TCF4 expression (Ippolito et al., 2014; Nagasawa et al., 2008), thereby constituting a TCF4-
orchestrated regulatory network that maintains pDC lineage identity.

Cancer cells often inherit transcription factor programs from their normal cellular
counterparts. Such transcription factors are known as "lineage-survival oncogenes"
(Garraway and Sellers, 2006), and their inactivation can dissolve the gene expression
network of cancer cells, making them an intriguing and relatively unexplored class of
therapeutic targets (Rui et al., 2011). The traditional notion that transcription factors cannot
be targeted in a clinical setting has recently been challenged by the development of
inhibitors of the bromodomain and extraterminal domain (BET) proteins (Filippakopoulos et
al., 2010), chromatin readers that bind to acetylated histones and promote transcriptional
elongation (Jang et al., 2005). Selective inhibition of key oncogenes has been observed
following BET inhibition in multiple tumor types. The ability of BET inhibitors to silence
the expression of these oncogenes has been ascribed to their transcriptional control by
“super-enhancers” (SEs), defined as large genomic clusters of BET-dependent regulatory
regions (Chapuy et al., 2013; Loven et al., 2013).

In an effort to uncover therapeutic options for BPDCN, we have successfully combined
RNA interference screening with high-throughput drug screening to identify pathways
essential for the proliferation and survival of this cancer.

Loss-of-function RNA interference screening in BPDCN

To identify BPDCN molecular dependencies, we performed a loss-of-function RNA
interference screen in the BPDCN cell line Cal-1(Maeda et al., 2005) using a 12,515 small
hairpin RNA (shRNA) library targeting 1,051 genes encoding kinases, signaling proteins
and transcription factors relevant to hematopoiesis. Following induction of ShRNA
expression for 3 weeks, the depletion of specific ShRNAs was monitored by next generation
sequencing (Table S1) (Ngo et al., 2006). We identified 27 genes that had at least 3
independent shRNAs depleted by at least 2.5-fold across 4 replicates (p<0.001). The top hit,
both in terms of number of toxic sShRNAs (6) and average depletion (10.8-fold) was TCF4,
an E-box transcription factor known to be an essential regulator of normal pDC development
(Figure 1A) (Cisse et al., 2008). Other hits included the transcription factor JUN (3 shRNAs,
5.7-fold depletion), the metabolic enzyme PDK3 (4 shRNAs, 5.6-fold depletion) and the
chromatin reader BRD4 (3 shRNAs, 4.8-fold depletion) (Figure 1A). Many shRNAs toxic to
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Cal-1 cells had no toxicity in other leukemia lines we screened as specificity controls
(CCRF-CEM, T-cell acute lymphablastic leukemia (T-ALL); Jurkat, T-ALL; SKM-1, acute
myeloid leukemia (AML)) (Figure 1B, Figure S1A, B, C and D). These included the TCF4
shRNAs, suggesting that TCF4 controls an essential regulatory network specific for
BPDCN.

TCF4 is required for BPDCN viability

To explore the biological consequences of TCF4 knockdown in BPDCN, we transduced the
Cal-1 and Gen2.2 BPDCN lines (Chaperot et al., 2006) with doxycycline-inducible shRNA
expression vectors that co-express green fluorescent protein (GFP). Expression of ShRNAs
targeting the TCF4 3* UTR resulted in rapid depletion of the SARNA*/GFP* cell population
(Figure 2A, B, C). This toxicity could be rescued by ectopic expression of the TCF4 coding
region, supporting on-target effects (Figure S2A). Moreover, the sameTCF4 shRNAs were
not toxic in control AML and T-ALL lines, whereas a MYC shRNA was similarly toxic in
all the tested lines (Figure S2B). TCF4 knockdown produced a robust, time-dependent and
cell-intrinsic increase in apoptosis, as assessed by a dual staining for active Caspase-3 and
cleaved Parpl (Figure 2D, E). TCF4 knockdown also resulted in a minor proliferation arrest,
with an increase of G1 cells (~20%) and a decrease of cells in S and G2 phases (Figure 2F,
S2C). These findings establish TCF4 as a master regulator of BPDCN viability.

The TCF4-dependent transcriptional network in BPDCN

To map the TCF4-dependent regulatory network in BPDCN, we profiled gene expression
changes induced by TCF4 shRNAs in Cal-1 and Gen2.2 cells. In parallel, we performed
chromatin immunoprecipitation sequencing (ChIP-Seq) to identify TCF4 genomic binding
sites, using an anti-TCF4 rabbit monoclonal antibody that we developed for this purpose
(Figure S3A, S3B). We identified a total of 399 and 630 genes that were down- or up-
regulated following TCF4 knockdown, respectively (Figure 3A, Table S2). Most of them had
a TCF4 ChlP-Seq peak in the promoter or gene body. The degree of TCF4 binding at
promoters strongly correlated with RNA polymerase-2 (pol2) density, confirming the master
regulatory role of TCF4 in BPDCN (Figure 3B). Motif enrichment analysis identified the E-
box 5'-CAGCTG-3' as the most enriched motif in TCF4 bound regions in both cell lines,
supporting the specificity of our ChlP-Seq assay (Figure 3C, S3C).

Genes downregulated following TCF4 depletion included: 1) regulators of pDC
development (BCL11A, IRF8, SPIB); 2) pDC-specific surface receptors (IL3RA, CLECAC,
PTPRS) (Bunin et al., 2015); 3) proteins essential for pDC function (TLR9); 4) oncogenes
such as MYC and BCL2 (Figure 2C, S3D). Genes upregulated included: 1) interferon
responsive genes, (IFI127, IFIT3); 2) genes encoding adhesion molecules highly expressed in
cDCs (ITGAX, CLEC4A); 3) genes encoding proteins involved in antigen presentation by
cDCs (CD1) (Figure S3D).

To explore these findings systematically, we performed signature enrichment analysis using
a database of gene expression signatures that reflect signaling and regulatory processes in
normal and malignant hematopoiesis (Shaffer et al., 2006) (Table S3). Notably, TCF4-
activated genes were highly enriched for pDC-specific genes (Figure 3D, CD123%)

Cancer Cell. Author manuscript; available in PMC 2017 November 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ceribelli et al.

Page 5

(Lindstedt et al., 2005). Conversely, TCF4-repressed genes were strongly enriched for cDC
genes (Figure 3D, CD16%, BDCA™). Signature enrichment analysis also confirmed
upregulation of interferon responsive genes after TCF4 silencing. Notably, knockdown of
TCF4, but not MYC, decreased surface expression of CD123 and CD56, which are
diagnostic hallmarks of BPDCN (Figure 3E, S3E).

While these findings demonstrate that TCF4 imparts pDC identity on BPDCN cells, we
additionally sought genes that were regulated by TCF4 in a BPDCN-specific fashion. To do
so, we used global mMRNA sequencing (RNA-Seq) to compare the BPDCN lines with normal
pDCs isolated from 6 healthy donors, specifically focusing on the TCF4 target genes that we
identified in BPDCN (Figure 3F, S3F). Notably, a sizable set of TCF4-activated genes was
expressed at higher levels in BPDCN, including several proto-oncogenes (BCL2, MYC,
TCL1A and TCL1B). Conversely, TCF4-activated genes that encode important regulators of
normal pDC function (BCL11A, SPIB, IL3RA, and CLECA4C) were expressed at lower
levels in BPDCN than in pDCs. Thus, the TCF4 regulatory networks in BPDCN cells and
normal pDCs are distinct, with TCF4 upregulating genes that may contribute to the BPDCN
malignant phenotype.

Diagnostic relevance of TCF4 expression in primary BPDCN cases

Because BPDCN diagnosis is challenging, we tested whether TCF4 expression could be
used to identify BPDCN cases. We performed TCF4 immunohistochemistry (IHC) on a
panel of 53 tumors, including BPDCN (n=28), BPDCN mimics such as AML/myeloid
sarcoma (n=10) and unclassified primitive hematopoietic neoplasms (PHN; n=13) (Table
S4). Consistent with its specificity (Figure S3A), our anti-TCF4 antibody readily identified
normal pDCs in human tonsil sections (Figure S4A). We scored each primary tumor based
on the distribution and intensity of its IHC signal and perform hierarchical clustering of
these data, thereby dividing the primary cases into two major clusters reflecting their TCF4
scores (Figure 4A, B). Cluster #1 was characterized by homogeneous and strong TCF4
signals and included the majority of BPDCN cases (24/28), 2 cases consistent with either
BPDCN or chronic myelomonocytic leukemia (CMML) with pDC proliferation (Facchetti et
al., 2016), 3 out of 13 unclassified PHN cases, but no AML/Myeloid sarcomas. Cluster #2
included all of the AML/Myeloid sarcoma cases (10/10), the 10 remaining PHN cases and 4
cases initially diagnosed as BPDCN.

To determine if the TCF4 regulatory network was maintained in primary BPDCN, we
performed RNA-Seq on 6 FFPE BPDCN biopsies from which the RNA was not excessively
degraded. Because only one PHN and no AML cases passed quality control for RNA-Seq
library generation, we used RNA-Seq data from AML lines (HL-60, MOLM-14 and
SKM-1) and BPDCN lines that had been formalin-fixed and paraffin-embedded as controls.
Unsupervised hierarchical clustering based on the expression of TCF4 activated genes was
sufficient to group all the primary BPDCN and the BPDCN lines in a separate cluster from
the AML lines (Figure 4C). 40% of the TCF4 targets were consistently expressed at higher
levels in primary BPDCN samples than in the AML lines (p<0.05; fold > 1.5; Figure 4C, D),
including many that are characteristically expressed in normal blood pDCs (Figure 4C, red).
Interestingly, the PHN #13 sample clustered together with primary BPDCNs, consistent with
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its strong TCF4 IHC scoring, suggesting that this case may be a BPDCN that could not be
classified as such using current pathological methods. Together, our findings demonstrate

that the expression of TCF4 and its regulatory network are maintained in primary BPDCN
tumors and suggest that TCF4 IHC could aid in the differential diagnosis of BPDCN.

Chemical and genetic inhibition of BRD4 reduces BPDCN viability

To explore therapeutic strategies in BPDCN, we performed a high-throughput drug screen
using a library of 1,910 small molecules that are either approved or in early stages of
development for cancer therapy (Ceribelli et al., 2014; Mathews Griner et al., 2014). A plot
of the concentrations needed for 50% loss of cell viability (IC50) revealed that all 3 BET
inhibitors (BETi's) present in the library (JQ1, I-BET151 and I-BET762) were highly toxic
for both BPDCN lines (Figure 5A, Table S5). This was notable since the BET family
member BRD4 was among the hits from our shRNA screen (Figure 1A). Inducible
expression of BRD4 shRNAs in BPDCN lines resulted in the depletion of S\RNA*/GFP*
cells (Figure 5B, S5A). Treatment with the BETi JQ1 decreased the viability of both
BPDCN lines in a dose-dependent manner (Figure 5C)) and produced a time- and dose-
dependent increase in apoptosis (Figure 5D, S5B).

To investigate the effect of BETi's in vivo, we established BPDCN xenografts by
subcutaneous injection of Cal-1 and Gen2.2 cells into NOD/SCID mice. Treatment with the
BETi CPI 203 was effective as a single agent in reducing tumor growth in both xenograft
models (Figure 5E). The CPI 203 regimen was well tolerated in vivo, causing only modest
weight loss compared to vehicle-treated controls (Figure S5C). Quantitative RT-PCR
performed on tumors harvested after 5 days of CPI 203 treatment revealed decreased mRNA
expression of TCF4 and three of its targets (MYC, TLR9, BCL2), suggesting that the BETi
blocked TCF4 function in vivo (Figure 5F, see below). Interestingly, the anti-tumor activity
of CPI 203 correlated with the extent of TCF4 inhibition observed over time and was
reduced at the endpoint of our xenograft experiment (Figure S5D).

A TCF4 and BRD4 dependent transcriptional network in BPDCN

To define the molecular mechanism of BETi toxicity in BPDCN, we analyzed gene
expression changes after JQ1 treatment in the 2 BPDCN lines. We identified a total of 437
and 251 genes down- or up-regulated, respectively (Figure 6A, Table S6). Interestingly,
TCF4 itself was among the genes consistently downregulated by JQ1 in both cell lines. The
same was true for multiple TCF4 targets such as TLR9, BCL11A, MYC, IRF8 and BCL2
(Figure 6A, B, C). As we had observed after TCF4 knockdown, pDC-specific signatures
were enriched among JQ1 downregulated genes (Figure 6D). JQ1 treatment reduced surface
expression of the pDC-specific marker CD123 (Figure 6E, S6A). Gene set enrichment
analysis (GSEA) confirmed that JQ1 treatment systematically recapitulates TCF4 silencing
in BPDCN, as genes downregulated by JQ1 treatment in were strongly enriched for TCF4-
activated genes (Figure 6F, S6B). These findings support the view that the TCF4 program is
a central component of the BET-dependent phenotype in BPDCN. Indeed, JQ1 treatment
strongly reduced TCF4 binding to its target genes, to an extent similar to that observed after
knockdown of TCF4 itself (Figure 6G).
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To link TCF4 loss to the toxicity of BETi's in BPDCN, we tested whether ectopic expression
of TCF4 could rescue BPDCN cells from JQ1-induced toxicity. BPDCN cells were infected
with either an empty vector control or a TCF4 expression vector the co-expresses mouse
CD8a (Lyt2), allowing transduced cells to be tracked by cell sorting. A mixed population of
uninfected (Lyt27) and infected (Lyt2*) cells was exposed to increasing JQ1 amounts over
the course of two weeks. Notably, ectopic TCF4 expression caused a dose-dependent
increase in the Lyt2* fraction over time, indicating rescue of cells from JQ1 toxicity (Figure
6H, S6C). No rescue was observed with an empty vector or a MYC expression vector.
Consistently, JQ1-induced apoptosis was reduced in cells ectopically expressing TCF4, but
not MYC (Fig 61, S6D, E). Thus, a significant and specific component of BETi toxicity in
BDPCN is due to TCF4 inhibition.

BRD4-dependent super-enhancers in BPDCN

The toxicity of BET inhibitors in multiple cancer types has been linked to a dominant,
context-dependent effect on the expression of tumor-specific oncogenes that are regulated by
super-enhancers (SEs) (Loven et al., 2013). Because TCF4 behaves as a BPDCN “lineage-
survival oncogene” (Garraway and Sellers, 2006) we sought to identify the BRD4-dependent
enhancers that sustain TCF4 expression in BPDCNs. To do so, we performed BRD4 and
RNA Pol2 ChIP-Seq before and after JQ1 treatment in the 2 BPDCN lines. BRD4 binding at
promoters correlated with RNA Pol2 density, as expected (Figure 7A, S7A). JQ1 treatment
strongly reduced BRD4 promoter binding but had little effect on promoter-bound RNA Pol2
(Figure 7B, S7B). Conversely, BET inhibition induced pronounced depletion of elongating
RNA Pol2 on the majority of expressed genes (Figure S7C). These results are in line with
the well-established role of BET proteins in promoting transcriptional elongation.

To identify BPDCN SEs, we ranked BRD4-bound regulatory regions by increasing BRD4
ChIP-Seq occupancy. These plots revealed an obvious inflection point, enabling us to define
SEs in both BPDCN lines (Figure 7C). RNA Pol2 loading correlated with BRD4 binding at
SEs, supporting their active state (Figure S7D). Altogether, we identified 255 and 303 SE
genes in Cal-1 and Gen2.2 cells, respectively (Table S7). Of these, 75 were shared. To
identify functionally relevant SEs, we developed a non-parametric ranking based on both the
depletion of SE-bound BRD4 and the reduction of elongating RNA Pol2 after JQ1
treatment. Notably, TCF4 itself was among the genes containing a SE in both BPDCN lines
and ranked third in our combined SE scoring (Figure 7D, Figure S7E and Table S7). Other
top-ranking SE genes included the pDC regulators IRF8 and RUNX2, and SLC15A4, a gene
required to sense TLR ligands (Blasius et al., 2010) (Figure S7F, Table S7). These
observations support the view that SE scoring identifies genes that are central to BPDCN
biology.

Consistent with its master regulator function, TCF4 was detected at the majority of BPDCN
SEs, and TCF4 binding SEs positively correlated with both BRD4 and RNA Pol2 loading
(Figure 7E, 7D). Interestingly, the TCF4 SE itself was bound by TCF4, identifying a positive
auto-regulatory loop that defines BPDCN identity (Figure 7D, S7E). In line with these
findings, top ranking SE genes were strongly down-regulated following TCF4 knockdown
suggesting that TCF4 is directly responsible for their expression (Figure 7F). Finally, GSEA
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showed that SE genes were significantly enriched among genes highly expressed in primary
BPDCN cases, indicating that the TCF4-dependent regulatory architecture (regulome)
sustains the gene expression identity of primary BPDCN tumors (Figure 7G).

The TCF4-dependent regulome in normal pDCs and primary BPDCN

To expand the characterization of the TCF4-dependent regulome, we performed ATAC-Seq
(Buenrostro et al., 2013) to map chromatin accessibility in BPDCN lines (Cal-1, Gen2.2)
and BPDCN cells purified from the blood a patient with leukemic disease. As controls, we
profiled chromatin accessibility in normal blood pDCs and cDCs purified from healthy
donors, along with AML lines. As shown in Figure 8A, the 7CF4 locus SE was demarcated
by highly accessible chromatin in both BPDCN lines (Figure 8A, black). Notably, the
ATAC-Seq signal mirrored TCF4 binding at the same locations (green). This was true for the
TCF4 SE itself (Figure 8A, red box) as well as for other traditional enhancers (TE) present
within the locus (Figure 8A, gray boxes). Remarkably, little or no ATAC-Seq signal was
present in the 2 AML lines at these chromosomal regions (Figure 8A, gray). These findings
demonstrate that ATAC-Seq can identify BPDCN-specific regulatory elements and suggest
that TCF4 binding at these regions is a likely determinant of their open chromatin state.

The regulatory landscape of the 7CF4 locus in normal pDCs was very similar to that
observed in BPDCN cell lines, with open chromatin observed at all of the TCF4-bound
enhancers (Figure 8B, orange tracks, Figure SBA). Conversely, no ATAC-Seq signal was
detected at these same regions in cDCs (Figure 8B, yellow). A similar picture emerged for
other TCF4-dependent regulatory elements, such as the RUNXZ2 SE (Figure S8B). These
finding confirmed the pDC-derived nature of BPDCN, and suggested that the TCF4
regulatory network of pDCs is largely maintained in BPDCN lines. Finally, we studied
primary BPDCN cells purified from a patient with leukemic disease (Figure S8C). The
regulatory architecture of the 7CF4 locus in these primary BPDCN cells mirrored that of
normal pDCs and BPDCN lines (Figure 8C, compare with Figure 8A, B), consistent with the
fact that these cells highly expressed TCF4 by intracellular flow cytometry (Figure 8D,
Figure S8D).

We next analyzed the ATAC-Seq data globally to assess similarities and differences among
the samples. First, we identified 82,873 ATAC-Seq regions of open chromatin ("peaks")
using data from the BPDCN and AML cell lines. We then selected peaks that best
distinguished BPDCN from AML, resulting in 497 BPDCN-specific and 129 AML-specific
peaks. We used these peaks to perform unsupervised hierarchical clustering of all the ATAC-
Seq samples (Figure 8E). Primary cells isolated from the BPDCN patient and BPDCN cell
lines clustered together with normal blood pDCs, whereas primary cDCs clustered with the
AML cell lines. These findings demonstrated that primary cells and BPDCN lines retain
major regulatory features of their cell-oforigin, the pDC.

Notably, 89% of the BPDCN-specific ATAC-Seq peaks overlapped with a TCF4 ChIP-Seq
peak identified in both Gen2.2 and Cal-1 cells, whereas none of the AML-specific ATAC-
Seq regions satisfied the same criteria (p value =1.34E-90; Figure 8E, green). This striking
overlap suggests that TCF4 plays a dominant role in shaping the regulatory and phenotypic
differences between BPDCN and AML.
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DISCUSSION

BPDCN is an aggressive malignancy with no curative therapeutic options outside of
allogeneic bone marrow transplantation (Riaz et al., 2014). Using functional genomics
coupled with chemical screening we have uncovered essential survival pathways in BPDCN
that are amenable to therapeutic attack. RNAI screening identified TCF4 as a master
transcriptional regulator that sustains BPDCN viability. The RNAI screen also uncovered the
essential role of the BET protein BRD4 in BPDCN cells, which was consistent with the
sensitivity of BPDCN cells to BETi's in the small molecule screen. We were able to link
these two observations mechanistically by showing that BRD4 is required for TCF4
expression and that ectopic TCF4 expression blunts the toxic effect of BETi's in BPDCN
cells. BET inhibition also attenuated tumor growth in two BPDCN xenograft models,
suggesting a targeted option for the therapy of this lethal cancer.

The E-box transcription factor TCF4 is an established determinant of normal pDC
development (Cisse et al., 2008; Ghosh et al., 2010). We identified TCF4 targets in BPDCN
by combined analysis of TCF4 ChIP-Seq data and gene expression changes following TCF4
knockdown. These analyses confirmed the similarity between pDCs, BPDCN lines and
primary BPDCN, and readily distinguished BPDCN from cDCs and AML lines. In parallel,
we defined regions of open chromatin by ATAC-Seq and showed that pDCs resembled both
BPDCN lines and a primary BPDCN patient sample. Importantly, the vast majority of these
BPDCN-specific regions of open chromatin overlapped with peaks of TCF4 binding, raising
the possibility that TCF4 acts as a pioneer factor to establish key aspects of the regulomes of
BPDCN and normal pDCs. Nonetheless, TCF4 function appears to be somewhat different in
BPDCN and pDCs. A subset of TCF4 target genes was more highly expressed in BPDCN
than in pDCs, including proto-oncogenes such as BCL2, TCL1A/B and MYC. Conversely,
the TCF4 target genes that were more highly expressed in pDCs than in BPDCN included
several regulators of pDC function such as BCL11A, SPIB, IL3RA and CLECAC. Thus, the
pDC-specifying function of TCF4 is attenuated in BPDCN in favor of oncogenic gene
expression programs. This fits the lineage survival oncogene paradigm in which
transcriptional programs inherited from the cell-of-origin are rewired to execute the
malignant programs of cancer cells (Garraway and Sellers, 2006).

TCF4 addiction in BPDCN has important clinical implications, both for diagnosis and for
therapy. A key to the deployment of targeted agents for cancer treatment is an accurate
molecular diagnosis, and this remains a challenge in BPDCN and in the myeloid cancers that
can resemble BPDCN histologically (Facchetti et al., 2016). (Assaf et al., 2007; Munoz et
al., 2001). In this study, we developed a TCF4 antibody that effectively detected TCF4
protein expression in FFPE biopsy samples. This IHC assay was positive in 85% of cases
with a documented diagnosis of BPDCN and conversely, TCF4 was not detected in myeloid
BPDCN-mimics, such as cutaneous AML.

Unexpectedly, 4 BPDCN cases scored negative in the TCF4 IHC. Two of these were also
weak or negative for bona-fide BPDCN markers such as CD4 and CD123, suggesting that
these cases may have been misdiagnosed using histopathological current methods. Finally, 3
of 13 (23%) unclassified primitive hematopoietic malignancies were strongly positive in the
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TCF4 IHC assay, suggesting that they may be BPDCN cases that could not be diagnosed
using current methods. Indeed, one of these cases clustered with primary BPDCN samples
based on RNA-Seq expression of TCF4 targets. Altogether, we suggest that TCF4 IHC could
improve the routine histopathological diagnosis of BPDCN.

Although initial chemotherapy can produce complete remissions in BPDCN, the cancer
typically recurs quickly and the majority of patients succumb, highlighting the need for new
treatment options (Pagano et al., 2013; Riaz et al., 2014). Our work addresses this challenge
by identifying BETi's as a drug class with therapeutic potential in BPDCN. Three
structurally distinct BETi's were toxic for BPDCN cells in our small molecule screen, which
fits well with the genetic dependency of these cells on BRD4. Several strands of evidence
point to TCF4 as the major downstream target of BETi's BPDCN cells. First, BETi's
downregulated several pDC-related genes that are direct targets of TCF4. Second, TCF4
itself was strongly downregulated by BETi's, likely due to the fact that that the 7CF4 locus
contains a BPDCN-specific SE that is bound by BRD4. Third, TCF4 localized to the
majority of SEs in BPDCN, and TCF4 knockdown reduced the expression of these SE-
regulated genes. Finally, and crucially, ectopic TCF4 expression was sufficient to rescue
BPDCN cells from the toxicity of BETi's, underscoring the functionally dominant, master
regulatory role of TCF4 in BPDCN.

Like most cancers, BPDCN tumors acquire a variety of genetic alterations (Alayed et al.,
2013; Dijkman et al., 2007; Jardin et al., 2009; Jardin et al., 2011; Lucioni et al., 2011,
Menezes et al., 2014; Sapienza et al., 2014; Stenzinger et al., 2014), which could confound
agents targeting any one dysregulated pathway. The attractive feature of lineage survival
oncogenes such as TCF4 is that therapies targeting this class of factors are likely to cross
boundaries of genetic subtypes. Moreover, therapies blocking oncogenic signaling pathways
frequently select for the outgrowth of rare subpopulations with compensatory mechanisms
that circumvent the targeted agent. By contrast, we show that TCF4 controls a pleiotropic
network of target genes in BPDCN, making it less likely that a genetic alteration targeting a
single TCF4 target could overcome BETi toxicity. For example, MYC is a direct TCF4
target in BPDCN, but deliberate overexpression of MY C failed to rescue BPDCN cells from
BETi-induced death. In all, our genomic and chemical investigations of BPDCN provide a
strong mechanistic rationale for the clinical evaluation of BETi's in this lethal cancer that is
inadequately treated by conventional chemotherapy and lacks alternative targeted therapies.

EXPERIMENTAL PROCEDURES

Cell lines

Cal-1, CCRF-CEM, Jurkat, HL-60, MOLM-14 and SKM-1 cells were cultured in
RPMI-1640 medium supplemented with penicillin/streptomycin and 10% fetal bovine serum
(Tet tested, Atlanta Biologicals). Gen2.2 cells were cultured in RPMI 1640 medium
supplemented with non-essential amino acids, sodium pyruvate, penicillin/streptomycin and
10% fetal bovine serum. The mouse MS-5 stromal feeder cell line was used to support
growth of Gen2.2 cells.
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shRNA library toxicity screening

The shRNA library toxicity screening was performed as previously described (Ngo et al.,
2006). Briefly, pools of 1,000 shRNAs were used to retrovirally transduce Cal-1 cells. After
puromycin selection, ShRNA expression was induced by doxycycline (50 ng/ml). Un-
induced cultures were kept in parallel as a control. After 3 weeks, genomic DNA from both
un-induced and induced cultures was harvested and depletion of specific ShRNAs was
quantitatively assessed by next generation sequencing.

Gene expression profiling

RNA-Seq

ChIP-Seq

ATAC-Seq

For gene expression profiling, total RNA was extracted with TRIzol (Invitrogen) and
subsequently cleaned-up with RNeasy mini columns (Qiagen). Gene-expression profiling
was performed using two-color human Agilent gene-expression arrays, according to
manufacturer’s instructions.

For RNA-Seq on the BPDCN cell lines Cal-1 and Gen2.2, total RNA was extracted with the
AllPrep DNA/RNA kit (QIAGEN) and libraries were generated with the TruSeq RNA
Sample Prep Kit-v2 (Illumina) according to the manufacturer’s instruction. Pair-end
sequencing was performed on a HiSeq 2000 sequencer with v3 sequencing reagents
(2x101bp reads). For RNA-Seq on the FFPE samples, RNA was extracted with the AllPrep
DNA/RNA FFPE Kit (QIAGEN) and libraries were generated with the TruSeq RNA Access
kit (Illumina) according to the manufacturer’s instruction. Pair-end sequencing was
performed on a NextSeq 500 sequencer with v2 sequencing reagents.

Chromatin immunoprecipitation was performed as described in the supplemental
experimental procedures section. ChIP DNA was used to generate ChIP-Seq libraries with
the NEXTflex™ Illumina ChlIP-Seq Library Prep Kit (Bioo Scientific), according to
manufacturer’s instructions. The sequencing of the TCF4 ChlP-Seqs was performed on a
GA2x (Illumina) sequencer, with single reads (SR) of 36 bp length. The sequencing of all
the other ChlP-Seqs was performed on the High-Output flow-cell of a NextSeq 500
sequencer (Illumina), with single reads (SR) of 76 bp length.

ATAC-Seq was performed essentially as previously described (Buernostro et al.). Briefly,
and 50,000 cells were pelleted and were resuspended in room-temperature lysis buffer (10
mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCI2 and 0.5% IGEPAL CA-630). Following
centrifugation (10°, 500g), isolated nuclei were tagmented in 50 ul transposase reaction mix,
for 30 min at 37°C (25 pl 2 x TD buffer, 10 pl transposase (NextEra DNA Library Prep Kit,
[llumina) and 15 pl nuclease-free water). Following purification, the tagmented DNA was
PCR amplified for 8-10 total cycles. ATAC-Seq libraries were sequenced on the High-
Output Next-Seq flow cell (Illumina, 150 cycles, paired end 2 x 75 bp).
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Accession numbers

All the genomic datasets have been deposited in GEO with the following accessions: Agilent
gene expression: GSE75650. RNA-Seq gene expression: GSE84471.ChIP-Seq: GSE76147.
ATAC-Seq: GSE84623.

High-throughput drug screen

The high-throughput drug screen was performed \as previously described (Ceribelli et al.,
2014). The screening data have been deposited in PubChem.Cal-1 cells: AID 1224825;
Gen2.2 cells: AID 1224824,

Xenograft experiments

All animal experiments were approved by the National Cancer Institute Animal Care and
Use Committee (NCI ACUC) and were carried out in accordance with the NCI ACUC
guidelines.

Primary samples

This study was approved by the Institutional Review Board (IRB) of the National Cancer
Institute, Research Protocol 10-CN-074 C. All the primary samples were archival sample
submitted for consultation to the Hematopathology Section of the National Cancer Institute
(NCI), National Institutes of Health (NIH). Based on the retrospective nature of the tissue
samples, the above mentioned protocol has been approved for a waiver of informed consent
by the NCI IRB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

We combined loss-of-function RNA interference screening and high-throughput drug
toxicity screening to uncover therapeutic options for patients with BPDCN, who have a
median overall survival of only ~1 year with current therapy. The E-box transcription
factor TCF4 emerged as the master transcriptional regulator of the BPDCN oncogenic
program, a finding that can be exploited for the accurate molecular diagnosis of BPDCN.
TCF4 functions as a BPDCN lineage-survival oncogene that can be targeted by BETi
drugs, supporting their clinical evaluation in this lethal cancer.
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Figurel.
Genetic dependencies of BPDCN identified by ShRNA screen. A) shRNA screen hits: for

each gene, the average -Log2 FC depletion of toxic ShRNAs is shown. B) The shRNAS toxic
to Cal-1 cells were ranked based on differential depletion with respect to the average of 3
control cell lines: CCRF-CEM, Jurkat and SKM-1. The top 20 shRNAs specifically toxic to
BPDCN Cal-1 are shown. See also Figure S1 and Table S1.
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Figure2.
The E-box transcription factor TCF4 is required for BPDCN viability. A) BPDCN cells were

infected with either control or TCF4 shRNAs. Shown is the fraction of live, ShRNA
expressing (GFP*) cells over time after ShRNA induction, compared to the un-induced day
0. B) RT Q-PCR was used to measure the level of TCF4 mRNA in BPDCN cells, after
induction of the indicated shRNAs for 1 day. The B2M gene was used as housekeeping
control. C) Western-blot analysis of Tcf4 expression 24 hr after the induction of the
indicated shRNAs. Actin was used as loading control. The TCF4 targets BCL2, MYC and
TLR9 are also shown. D) A representative flow cytometry stain for active Caspase-3 and
cleaved Parp1l is shown for Cal-1 cells at day4 post sShRNA induction. E) Cal-1 cells were
infected with either Ctrl or TCF4 shRNAs. Shown is the fraction of apoptotic cells, for both
GFP~ and GFP* (shRNA expressing) populations. Time points refer to days post ShRNA
induction. F) Cal-1 cells were infected with either Ctrl or TCF4 shRNAs. For each cell cycle
phase, the normalized ratio between GFP* (shRNA expressing) and GFP- cells is shown.
Time points refer to days post sShRNA induction. Error bars represent SEM of triplicates. See
also Figure S2.
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The TCF4-dependent transcriptional network in BPDCN. A) Left: heat-map of genes down-
or up-regulated in both Cal-1 and Gen2.2 cells after TCF4 knockdown. Right: TCF4
regulated genes containing a TCF4 ChIP-Seq peak within the promoter (- +2000bp from the
TSS) or the gene body are indicated in yellow. See Table S2. B) Heatmaps of promoter RNA
Pol2 (red) and TCF4 (green) density in the Cal-1 and Gen2.2 cells. For each line,
representative RefSeq accessions were ranked by RNA Pol2 density and the TCF4 heat-map
was displayed accordingly. C) The DNA logos of the top TCF4 binding motif predicted by
MEME are shown (Bailey et al., 2009). Please see Figure S3C for the results of the motif
prediction tool Clover Figure(Frith et al., 2004). D) The indicated TCF4 gene sets were
analyzed by signature enrichment analysis. Enrichment ratios versus the indicated signature
are plotted. See Table S3.E) BPDCN cell lines were infected with the indicated shRNAs and
the expression of surface CD56 and CD123 was measured by flow cytometry. Shown are
mean florescence intensity (MFI) ratios of ShRNA* vs. shRNA™ cells. See also Figure S3E.
F) Heat-map comparing the RNA-Seq expression of TCF4 activated genes in BPDCN cell
lines with that of normal pDCs isolated from 6 healthy donors. Error bars represent SEM of

triplicates. See also Figure S3 and Table S2, S3.
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Figure 4.
TCF4 expression facilitates BPDCN diagnosis. A) The results of the unsupervised

hierarchical clustering performed based on the TCF4 IHC scoring are shown. See Table S4.
B) Representative TCF4 and hematoxylin and eosin (H&E) stains are shown at 40X
magnification for 2 BPDCN cases and 1 AML case. C) Heat-map view of RNA-Seq
expression levels of TCF4-activated genes in the indicated samples, grouped by
unsupervised hierarchical clustering. Red indicates genes characteristically expressed in
pDCs (DC-1 or DC-4 signatures) whereas blue indicates genes associated with cell
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proliferation (Prolif-5 signature) (Shaffer et al., 2006). D) The FFPE RNA-Seq digital gene
expression values are shown for TCF4 and the indicated TCF4 targets. The black line
indicates the mean. See also Figure S4 and Table S4.
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Figure5.

The bromodomain and extra-terminal domain BRD4 is required for BPDCN survival. A).
Log10 molar IC50 plots comparing Cal-1 and Gen2.2 cells. Of the 1910 compounds
screened, 314 showed activity in both BPDCN lines, after excluding inactive and poorly
fitting compounds. BETi’s are highlighted in red. See Table S5. B) BPDCN cells were
infected with Ctrl, TCF4 or BRD4 shRNAs. Shown is the fraction of live, ShRNA expressing
(GFP™) cells over time after shRNA induction, compared to the day 0 un-induced value. C)
BPDCN cells were treated with either DMSO or the indicated amount of BETi JQ1. Cell
viability was assessed by MTS assay at day 3 post-treatment. D) BPDCN cells were treated
with either DMSO or the indicated amount of JQ1. The percentage of apoptotic cells (active
Caspase-3*, cleaved Parp1*) is shown at day 1 and day 2 post-treatment. E) Human BPDCN
xenograft models were established by subcutaneous injection of Cal-1 and Gen2.2 cells in
NOD/SCID mice and treated with either vehicle or the BET Inhibitor CPI 203 (5 mg/kg) for
the indicated time points. Tumor growth was measured as a function of tumor volume. The
cross indicate the mice euthanized because of excessive tumor growth. F) Relative mRNA
levels of TCF4 and 3 of its targets in Cal-1 xenografts from mice treated for 5 days with CPI
203 or vehicle control. Error bars represent SEM of triplicates. In E), Error bars represent
SEM, n=4 mice for the vehicle group, n=6 mice for the CPI 203 group. See also Figure S5
and Table S5.
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Figure 6.

A TCF4 and BRD4 dependent transcriptional network in BPDCN. A) Heat-map of genes
down- or up-regulated following JQ1 treatment in both BPDCN cell lines. B) BPDCN cells
were treated with either DMSO or the indicated JQ1 amount for 24 hr. The mRNA levels of
TCF4 and its targets BCL2, MYC and TLR9 were evaluated by RT QPCR. The B2M gene
was used as housekeeping control. C) Western-blot analysis of TCF4 expression in BPDCN

cell lines 24 hr after treatment with the indicated JQ1 amounts. Actin was used as loading
control. The TCF4 targets BCL2, MYC and TLR9 are also shown. D) The indicated JQ1
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gene sets were analyzed by signature enrichment analysis. Enrichment ratios versus the
indicated signature are plotted. E) BPDCN cell lines were treated with either DMSO or the
indicated JQ1 amounts and expression of CD123 was measured by flow cytometry 24 hr
post treatment. Shown are MFI values, normalized to the DMSO control. A representative
stain is shown in Figure S6A. F) Gene Set Enrichment Analysis (GSEA) comparing JQ1
treatment and TCF4 shRNA gene expression datasets in the Cal-1 BPDCN cell line. Genes
were first ranked based on the gene expression changes induced by TCF4 shRNAs and the
distribution of JQ1 dependent genes was then analyzed. See Figure S5B for Gen2.2 cells. G)
Bona fide TCF4 targets were analyzed by single locus ChIP Q-PCR after either inducible
expression of TCF4 shRNA #1 (right panel, 24 hr induction) or JQ1 treatment (left panel, 16
hr, 100 nM). H) Cal-1 cells were infected with the indicated rescue vectors and the fraction
of Lyt2* cell was monitored over 2 weeks of treatment with either DMSO or the indicated
JQ1 amounts. For each rescue construct, shown is the fraction of Lyt2* cells normalized to
the corresponding DMSO control. See Figure S6C for a representative stain. ) Cal-1 cells
were infected with the indicated rescue vectors. Apoptosis induction after JQ1 treatment was
monitored by flow cytometry for active Caspase-3 and cleaved Parpl. Error bars represent
SEM of triplicates. For G), error bars represent SD of technical triplicates. One of two
representative experiments is shown. See also Figure S6 and Table S6.
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are highlighted in the plot. D) The 7CF4locus ChlP-Seq tracks for BRD4 (blue), RNA Pol2
(red) and TCF4 (green) are shown for Cal-1 cells. See Fig S7E for Gen2.2 cells. E)
Enhancers were ranked based on increasing BRD4 loading and the corresponding signal
from TCF4 ChIP-Seq was then displayed. F) Heat-map of gene expression changes (Log?2
FC) observed after TCF4 knockdown in the BPDCN Cal-1 line. G) Gene Set Enrichment
Analysis (GSEA) showing the enrichment of SE genes among genes highly expressed in
primary BPDCN samples. See also Figure S7 and Table S7.
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Figure8.

ATAC-Seq mapping of the regulatory landscape of BPDCN. A) ATAC-Seq was used to map
the open chromatin landscape of the 7CF4 locus in BPDCN cell lines (black) and in control
AML cell lines (gray). TCF4, BRD4 and RNA Pol2 ChIP-Seq in the BPDCN cell lines are
also shown in green, blue and red, respectively. B) Normal pDCs and CD1c* ¢cDCs were
isolated from 2 healthy donors .The regulatory landscape of the 7CF4 locus is shown in
orange and yellow for pDCs and ¢DCs, respectively. C) ATAC-Seq was used to map the
open chromatin regulatory landscape of the 7CF4 locus in PBMCs isolated from a patient
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with leukemic BPDCN (purple). D) TCF4 intracellular flow was performed for the indicated
cell lines and primary samples. E) Heat-map results of the unsupervised hierarchical
clustering based on the ATAC-Seq predictor regions. Cell lines and primary samples are
indicated on the right dendrogram. The corresponding TCF4 ChlP-Seq density is shown in
green for the two BPDCN cell lines. See also Figure S8 and Table S8.
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