










Figure 3. IRF4 downregulation suppresses the gene expression network of MYC in ALCL. (A) Gene expression profiling after IRF4 knockdown in K299, DEL, and

FE-PD cells. Changes of gene expression were profiled at the indicated time points after induction of IRF4 shRNA #1. Gene expression changes are depicted according to the

color scale shown. Genes that are involved in critical biological processes are highlighted. (B) Gene set enrichment analysis of a previously described MYC gene expression

signature. The MYC signature is significantly enriched with genes that are downregulated after IRF4 knockdown. (C) IRF4 shRNA #1 and #2 downregulate MYC mRNA in

K299, JB6, and FE-PD cells 48 hours after shRNA induction as measured by quantitative PCR. MYC mRNA levels were normalized to expression of GAPDH. Error bars

indicate the standard deviation. (D) IRF4 shRNA #1 and #2 downregulate MYC protein in K299, JB6, and FE-PD cells 48 hours after shRNA induction as measured by western

blotting. (E) Chromatin immunoprecipitation quantitative PCR analysis of IRF4 binding in theMYC promoter and at a control locus in DEL (ALK1) and FE-PD (ALK2) cells. The

control locus is a region on chromosome 7, used as a negative control for IRF4 binding, due to the lack of observable IRF4 binding in previous studies.24,25 Error bars depict

standard error of the mean. **P , .01.
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Figure 4. ALCLs depend in their survival on MYC signaling. (A) Western blot analysis of MYC expression in 6 ALCL cell lines and in the MM cell line U266. All ALCL cell

lines have detectable MYC expression compared with the negative control U266. (B) Immunohistochemical MYC staining of an MYC-positive ALCL case (left) and an MYC-

negative ALCL case (right) (original magnification 3320). (C) MYC shRNA #1 and #2 significantly downregulate MYC protein 96 hours after induction measured by western

blotting in K299, DEL, FE-PD, and Mac-2A cells. (D) shRNA-mediated MYC knockdown is toxic to ALCL cell lines. Baseline expression of MYC in the investigated cell lines

based on western blotting (seen in panel A) and the ALK translocation status are indicated. Representative results are shown. (E) Expression of an MYC cDNA rescues DEL,

JB6, and FE-PD cells, transduced withMYC shRNA #2 (targeting the 39UTR [untranslated region] of MYC) from toxicity. Representative results from 2 independent replicates

are shown. (F) Expression of an MYC cDNA rescues DEL cells, transduced with IRF4 shRNA #1 and #2 from toxicity. In contrast, JB6 and FE-PD cells are not rescued from

shRNA-induced toxicity. Representative results from at least 2 independent replicates are shown. (G) ALCL cell lines are sensitive to MYC inhibition using the BET family

inhibitor JQ1 after 3 days of incubation. Viability of the negative control cell line U266 is not affected by JQ1. Baseline expression of MYC in the investigated cell lines based on

western blotting (seen in panel A) is indicated. Representative results of 3 replicates are shown.

130 WEILEMANN et al BLOOD, 1 JANUARY 2015 x VOLUME 125, NUMBER 1

For personal use only.on January 11, 2015. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


signaling have been shown to upregulate IRF4 protein by activating
the transcription factors STAT3 and STAT5 in T-cell lymphoma
cells.26 The role of NPM-ALK signaling in mediating IRF4 ex-
pression was confirmed in our study, as treatment with the ALK
inhibitor crizotinib downregulated IRF4 expression in ALK1ALCL
cell lines. However, as bothALK1 andALK2ALCLs express IRF4,
potentially other molecular mechanisms promote IRF4 expression
in these lymphomas. In the activated B-cell–like (ABC) subtype of
diffuse large B-cell lymphoma (DLBCL) it was recently shown that
IRF4 is a target gene of the oncogenic nuclear factor-kB (NF-kB)
signaling pathway.34,35 In ALCL, previous studies showed that the
NPM-ALK fusion protein suppresses NF-kB activation in ALK1

ALCL.36 However, it is possible that in ALK2 ALCLs, NF-kB
signaling might be involved in IRF4 regulation, and this should be
addressed in future work.

Our gene expression analyses revealed that IRF4 knockdown
affects a number of critical cellular processes such as proliferation,
apoptosis, and DNA damage, and potentially oncogenic signaling
pathways such as Notch indicating a central role of IRF4 in the
molecular pathogenesis of ALCL. The predominant primary IRF4
target that emerged from our analyses is the oncogenic transcription
factor MYC. MYC is aberrantly expressed in a variety of different
forms of cancer and plays an important role in the biology of various
lymphoma subtypes such as Burkitt lymphoma or DLBCL.37 MYC
regulates roughly 15% of all genes in the human genome and has
known activating and repressing functions on its target genes. It is
involved in the regulation of cell cycle control, cell growth, protein
synthesis, angiogenesis, and apoptosis.37 Previous work by Raetz
et al38 suggested that MYC is a downstream target of ALK and thus
it is predominantly expressed in ALK1 ALCLs. In this study, all
ALK2 ALCLs did not express MYC protein as measured by im-
munohistochemistry.38 However, our results indicate that IRF4
upregulates MYC in both ALK1 and ALK2 ALCLs. Accordingly,
we could not confirm a difference in MYC expression in ALK1 and
ALK2 ALCLs, as MYC was detectable in cell lines and in primary
patient samples of both subtypes. The discrepant immunohistochemistry
results may be caused by the use of different antibodies and dif-
ferences in the staining techniques.38

Previous work identifiedMYC as a direct transcriptional target of
IRF4 in MM cells.18 In contrast, IRF4, which is also involved in the
biology ofABCDLBCL, does not bind to theMYC promoter in these
lymphomas.25 Given that IRF4 upregulates MYC expression in
ALCL as indicated by our results, it seems conceivable that IRF4
regulates specific target genes and gene expression networks in a
context-dependent manner. One possible explanation is that IRF4,
which only binds weakly to DNA by itself, interacts with different
DNA binding partners in these different hematologic malignancies.
However, additional analyses in the future are required to decipher
these specific IRF4 functions.

IRF4 and MYC expression measured by immunohistochemistry
were significantly associated with each other and both proteins were
coexpressed in 82% of the samples. However, in some cases, IRF4

and MYC expression did not correlate, potentially indicating that
additionalmolecularmechanisms regulateMYCexpression inALCL.
Translocations affecting MYC are infrequent in these lymphomas
and seem to be associated with an aggressive clinical course.39-41

In contrast, a recent study using array comparative genomic hy-
bridization on primary ALCL samples reported recurrent MYC
gains.42 In addition, other MYC upregulating mechanisms may
be used by ALCL.

Despite the evident role of IRF4 inmediatingMYC expression in
ALCL,we detected aMYC-induced rescue of IRF4-induced toxicity
in only 1 of 3 ALCL cell lines. Potentially, these data can be ex-
plained by different mechanisms. It is possible that the survival of
the 2 cell lines that were not rescued by MYC depend on additional
signaling pathways that are deregulated by IRF4 knockdown such
as HIF1A or Notch. Alternatively, we cannot completely rule out
technical reasons such as inadequate MYC expression in these cells.

Finally, we evaluated if addiction to MYC signaling can be
exploited therapeutically in ALCL. Despite improvements in
therapy, there is still a significant fraction of patients diagnosed
with ALCL who succumb to their disease.43 Two different MYC
inhibitors induced cytotoxicity in all ALK1 and ALK2ALCL cell
line models. These data suggest that MYC inhibition may offer
a promising target and a novel therapeutic strategy to overcome
therapy resistance in patients diagnosed with ALCL, irrespective
of their ALK status.
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