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PRDM16 is a transcriptional coregulator involved in translocations in acute myeloblastic leukemia (AML), myelodysplastic
syndromes, and T acute lymphoblastic leukemia that is highly expressed in and required for the maintenance of
hematopoietic stem cells (HSCs), and can be aberrantly expressed in AML. Prdm16 is expressed as full-length (fPrdm16) and
short (sPrdm16) isoforms, the latter lacking the N-terminal PR domain. The role of both isoforms in normal and malignant
hematopoiesis is unclear. We show here that fPrdm16 was critical for HSC maintenance, induced multiple genes involved in
GTPase signaling, and repressed inflammation, while sPrdm16 supported B cell development biased toward marginal zone
B cells and induced an inflammatory signature. In a mouse model of human MLL-AF9 leukemia, fPrdm16 extended latency,
while sPrdm16 shortened latency and induced a strong inflammatory signature, including several cytokines and chemokines
that are associated with myelodysplasia and with a worse prognosis in human AML. Finally, in human NPM7-mutant and in
MLL-translocated AML, high expression of PRDOM16, which negatively impacts outcome, was associated with inflammatory
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Introduction

Many genes mutated or translocated in leukemia play a role in
the function or development of hematopoietic stem cells (HSCs),
mostly quiescent cells that reside in the bone marrow (BM), can
self-renew, and generate all cells of the hematopoietic system
(1). One such gene is PRD-BF1 and RIZ homology (PR) domain-
containing 16 (PRDM16), a highly conserved (Supplemental Fig-
ure 1; supplemental material available online with this article;
https://doi.org/10.1172/JC199862DS1) 140-kDa zinc finger tran-
scriptional coregulator that is a fusion partner in t(1;3)(p36;q21)
and t(1;21)(p36;q22) translocations in human acute myeloblas-
tic leukemia (AML) (2-4). Similar translocations were found in
myelodysplasia (5, 6) and in adult T cell lymphoblastic leukemia
(7). Prdm16 is selectively expressed in HSCs, and required for their
maintenance (8, 9). Prdml6 also plays important roles in nonhe-
matopoietic tissues, as it is critical for brown fat (10, 11), cranio-
facial (12-15), and cardiac (16) development and for the mainte-
nance of subventricular gray zone neural stem cells (9).

PRDM16 belongs to the PRDM protein family. In addi-
tion to PRDM16, several PRDM family members are involved in
malignancy (17, 18), most notably MDS1/EVII (PRDM3), which is
translocated in AML; BLIMPI (PRDMI), which is often silenced
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gene expression, thus corroborating the mouse data. Our observations demonstrate distinct roles for Prdm16 isoforms in
normal HSCs and AML, and identify sPrdm16 as one of the drivers of prognostically adverse inflammation in leukemia.

in diffuse large B cell lymphoma (19); and PRDM2, PRDM5, and
PRDM]I0, which are silenced in several solid tumors (17). Many
members of the PRDM family, including PRDM16, are expressed
as 2 distinct isoforms. Full-length proteins contain an N-terminal
PR domain, with homology to SET domains, which catalyze pro-
tein lysine methylation. However, in all PRDM proteins, the most
conserved region of the SET domain, responsible for its histone
methyltransferase (HMT) activity, is absent (17). Full-length
PRDM16 (fPRDM16) may have H3K4 or H3K9 methylation activ-
ity, however (20, 21). The 3 N-terminal exons of fPRDM16 are
absent in the short isoform (sSPRDM16) in both humans and mice,
which therefore lacks the PR domain (Supplemental Figure 1).
Potential transcription start sites (TSSs) for sSPRDM16 have been
suggested in exon 1, in cotranscription with fPRDM16, in exon 2,
and in intron 3 (7, 22).

While deletion of Prdm16 severely impairs HSC function (8,
9), the role of the individual isoforms in HSC regulation is unclear.
We have previously shown that sPrdml6 maintains elongated
mitochondria in HSCs through induction of mitofusin 2 (Mfn2).
Mfn2 is required for the maintenance of HSCs with extensive lym-
phoid potential. Expression of Mfn2 in Prdml67- HSCs did not
rescue function, however (23). The role of PRDMI16 isoforms in
hematological malignancies has also not been defined. It has been
proposed that the long isoforms of several PRDM family mem-
bers may be tumor suppressors in human malignancies (17, 18).
This notion is based on the fact that many tumors show deletion
or inactivation of a long isoform, while its overexpression induces
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Figure 1. Prdm16 supports normal HSC function. (A and B) Frequency (n = 9) (A) and absolute number (n = 6) (B) of HSCs (Lin"cKit*Scal*FIt3-CD48-CD150%)
in BM of adult Vav-Cre”- Prdm16 (WT) and Vav-Cre*- Prdm16/ (KO) mice. (C) Peripheral blood (PB) donor chimerism of WT or KO BM HSCs in competi-
tive transplants with CD45.1 BM 16 weeks after transplantation (n = 16-18 mice, 3 independent transplants). (D) Percentage lymphoid (CD19* or CD3*)

and myeloid (Gr1* or Mac1*) donor cells from € (n = 16-18 mice). (E) Change in donor/competitor ratio (log,; scale) in primary competitive transplantation
recipients and secondary recipients (n = 8 mice, 2 independent transplants). (F) Limiting-dilution assay of WT versus KO BM HSCs. (G) PB donor chimerism
of WT or KO FL HSCs 16 weeks after competitive transplantation (n = 8-10 mice, 2 independent transplants). (H) Percentage of donor lymphoid or myeloid
donor cells from G (n = 8-10 mice). Mean + SEM. NS, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; Student’s t test.

apoptosis or cell cycle arrest. This has been demonstrated, among
others, for PRDM1 (19), PRDM?2 (24), and PRDMS5 (25). On the oth-
er hand, PRDM14 appears to function as an oncogene in lymphoid
malignancies (26). A recent study showed that fPrdm16 inhibits
MLL-AF9-mediated leukemogenesis in mice through induction of
Gfilb, which in turn represses Hoxa genes (21). This effect required
H3K4 methyltransferase activity of the PR domain. In these stud-
ies, no biological role could be discerned for a methyltransferase-
dead mutant, suggesting that the PR-deleted isoform of PRDM16
has no biological function. Taken together, these findings suggest
that fPRDM16 is a suppressor of leukemia. However, in karyotypi-
cally normal leukemias, particularly those with nucleophosmin
1 (NPMI) mutations, both PRDM16 isoforms are overexpressed
to varying degrees (27), and high expression of PRDM16 in AML
is associated with worse overall survival (28-31), suggesting that
although fPRDMI16 is a tumor suppressor, SPRDM16 may pro-
mote leukemogenesis or leukemia progression. Several lines of
evidence support a role for sSPRDM16 in leukemia. In transloca-
tions involving PRDM16, the PR domain is often deleted (6, 7, 18,
22, 27), and sometimes only sPRDM16 is expressed (27). These
leukemias show dysplastic features and are associated with poor
survival (31-33). Similarly, leukemic translocations involving the
closely related family member PRDM3 (MDSI/EVII) delete the
PR domain (17, 18). The 5’ region of PRDMI6 is also a frequent
target of retroviral insertional mutagenesis leading to immortal-
ization (34) and leukemia (35) in mice. While these findings could
be ascribed to deletion of a full-length tumor suppressor protein,
overexpression of sPrdm16, but not of fPrdm16, in progenitor cells
from Trp537- mice induced leukemic transformation (27). Consis-
tent with these findings, forced expression of sPrdml6 promoted
leukemic transformation during HOXB4-mediated immortaliza-
tion of HSCs (36). Collectively, these findings point toward a role
for sPRDM1I6 in leukemia.

We therefore examined the role of both Prdmi6 isoforms in
normal HSCs and in a mouse model of human MLL-AF9 leuke-
mia. We show here that fPrdmIé6 is required for normal HSC func-
tion, while sPrdm16 expression in HSCs induces inflammation and
promotes the generation of a specific marginal zone-biased lym-
phoid progenitor population. Furthermore, we show that sPrdml6
drives a prognostically adverse inflammatory signature in AML. In
contrast, while physiological expression of fPrdm16 in HSCs does
not affect leukemogenesis, aberrantly expressed fPrdmli6 in leu-
kemic cells has tumor-suppressive effects.

Results

The hematopoietic phenotype of mice with conditional Prdml6 dele-
tion. As germline-deleted Prdm167" mice die perinatally (8, 9), we
generated Prdml16"? mice and crossed these with Vav-Cre mice
(37) (Prdm16™".Vav-Cre) to determine the role of isolated deletion
of Prdm16 in the hematopoietic system (Supplemental Figure 2, A
and B). Prdm16™".Vav-Cre mice were born in Mendelian ratios (not
shown). Similarly to fetal liver (FL) HSCs from Prdm167" mice, the
frequency and absolute number of phenotypically defined BM
HSCs (Lin'Scal*Kit* (LSK) Flt3-CD48 CD150"; see Supplemental
Figure 2C for representative analysis gates) were reduced (Figure 1,
A and B), while BM cellularity was similar (not shown). Peripheral
white cell counts (Supplemental Figure 2D), platelets, and hemo-
globin (not shown) were similar. Competitive repopulation studies,
however, revealed a profound, multilineage long-term repopulation
defect (Figure 1, C and D) that became even more severe after seri-
al transplantation (Figure 1E). Limiting-dilution competitive trans-
plantation using purified HSCs revealed a decrease in functional
HSC frequency in Prdm16/#.Vav-Cre mice compared with WT lit-
termates (1/47 vs. 1/8, respectively, P = 0.0006) (Figure 1F). Dele-
tion of Prdm16 therefore not only decreased HSC number, but also
impaired function of individual HSCs. The reconstitution defect in
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Figure 2. Increased respiration in adult Prdm16-deficient HSCs. (A) GO pathways significantly up- or downregulated in Prdm16-deficient HSCs. Values
expressed as -log, of the P value, determined by PANTHER analysis. (B) HSC frequency in PB of Vav-Cre”~ Prdm16//f (WT) and Vav-Cre*- Prdm167/# (KO)
mice (n = 3). (C) Fraction of genes upregulated (red) in Prdm16-deficient HSCs among all genes and the 5 respiratory complexes. (D) Extracellular metabolic
flux analysis of WT and KO BM HSCs (n = 3 experiments in duplicate, 5 mice per experiment). Rot, rotenone; Ant, antimycin; Oligo, oligomycin. (E and F)
Basal oxygen consumption rate (OCR) (E) and respiratory ATP production (F) measured from D (n = 3). (G) ROS measured by the percentage of CellROX Deep
Red-positive WT or KO BM HSCs (n = 3). Mean + SEM. NS, P > 0.05; *P < 0.05; ***P < 0.007; Student’s t test, and ? test for observed vs. expected values.

BM Prdm16".Vav-Cre HSCs, however, appeared less severe than
thatin FL HSCs from germline-deleted Prdm16~-mice we reported
previously (8). Competitive repopulation studies using Prdm16"7.
Vav-Cre FL cells showed a more severe multilineage reconstitution
defect similar to that previously reported by us (8) in Prdm167- FL
HSCs, however (Figure 1, G and H). Cycling and apoptosis (Supple-
mental Figure 2, E and F) in adult BM HSCs, which were slightly
but statistically significantly increased in Prdm167- FL HSCs (8),
were marginally increased in Prdml6"A.Vav-Cre HSCs, but this
difference did not reach statistical significance. Similarly to germ-
line Prdm167" FL cells, there was no difference in homing of donor
cells to the BM after 24 hours in Prdm16"".Vav-Cre and WT litter-
mate BM cells (Supplemental Figure 2G). Conditional deletion of
Prdmi6 within the hematopoietic system therefore recapitulates
the effect of germline deletion.

Genome-wide expression indicates regulation of GTPase sig-
naling and mitochondrial metabolism by Prdml6. We performed
genome-wide expression analysis on RNA isolated and ampli-
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fied from purified LSK CD150*CD48*FIt3- HSCs (3 independent
biological replicates; Supplemental Figure 3, A and B). RNA-Seq
data in this publication are accessible through GEO Series acces-
sion number GSE112860 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE112860). Five hundred sixty-one genes
were significantly downregulated, while 411 genes were upregu-
lated. As expected, Prdml16 mRNA was reduced in Prdm16".Vav-
Cre HSCs, with complete absence of exons 6 and 7, leading to a
frameshift and a premature stop codon (Supplemental Figure 3, C
and D). Pathway analysis using PANTHER (38, 39) with a 0.1 false
discovery rate (FDR) cutoff showed that Prdm16 directly or indi-
rectly regulates a broad set of pathways (Figure 2A). Rho and Ras
GTPase signal transduction pathways and genes regulating cell
migration and vascular development, in which Rho GTPases are
involved, were significantly downregulated. As Rho signaling plays
a major role in HSC homing and mobilization (40), we assessed
the frequency of phenotypically defined HSCs in the peripheral
blood (PB). No differences were observed between Prdm16".Vav-
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Cre mice and WT littermates, however (Figure 2B). On the other
hand, pathways related to mitochondrial respiration were upregu-
lated (Figure 2A). Thirty-one of 96 electron transport chain genes
were overexpressed, significantly more than expected (4/96, P <
0.0001) (Figure 2C). Measurement of metabolism using a Sea-
horse metabolic flux analyzer (Figure 2D) revealed elevated basal
oxygen consumption (Figure 2E) and respiratory ATP production
(Figure 2F) in HSCs from Prdm16"%.Vav-Cre mice compared with
Prdm16"# littermate HSCs. Mitochondrial ROS production was
alsoincreased (Figure 2G). This effect was cell type-specific, as we
did not observe enhanced respiration in Prdml67- mouse embry-
onic fibroblasts (Supplemental Figure 3E).

We also compared FL Prdml16"".Vav-Cre and WT littermate
HSCs. Similar pathways (Rho and Ras GTPase signaling, blood
vessel development, and cell migration) were downregulated in
Prdm16"#.Vav-Cre HSCs (Supplemental Figure 3F). No significant
differences were observed in mitochondrial respiration, however,
indicating that regulation of respiration by Prdmi6 is specific to
adult HSCs. A possible explanation is that FL stem and progenitor
cells are overall more oxidative than their adult counterparts (41).

Generation of fPrdm167- mice. To identify specific roles of each
isoform, we used CRISPR/Cas9 by pronuclear injection of guide
RNA (gRNA) into fertilized C57BL/6 embryos (42). To target
sPrdml6, a 500-bp region in intron 3 corresponding to a putative
TSS was deleted (7) (Supplemental Figure 4A). However, using
subtractive quantitative PCR (qQPCR) (Supplemental Figure 4B),
we did not observe reduced expression of sPrdm16 (Supplemental
Figure 4C), although sequencing revealed that the putative TSS
was deleted (Supplemental Figure 4D). sPrdml6 expression in
HSCs therefore likely does not depend on the TSS in intron 3. Mice
were born in Mendelian ratios, developed normally (not shown),
and did not show HSC defects (Supplemental Figure 4, E and F).
Targeting the sPrdml6 start codon would also mutate a methio-
nine (Met-186) in fPRDM16, thus complicating the assignment of
any phenotype to disruption of individual PRDM16 isoforms. This
strategy was therefore not pursued.

Targeting exon 2 (Supplemental Figure 5A) yielded mouse
strains with 47-bp (447-fPrdmi67") and 13-bp (413-fPrdmi6”")
frameshift deletions, respectively, leading to premature stop
codons (Supplemental Figure 5B). Subtractive qPCR (Supplemen-
tal Figure 5C) and exon mapping (Supplemental Figure 5D) of
RNA-Seq data in FL HSCs showed selective absence of fPrdml16
mRNA. The small amount of fPrdml6 mRNA detected would
not translate to fPRDM16 protein given the frameshift within
exon 2. Similarly to Prdm167~ mice, both 447-fPrdm167- and 413-
fPrdm167- mice, which developed in Mendelian ratios (Supple-
mental Figure 5E), died perinatally.

Hematopoietic phenotype of fPrdml67~ mice. In E12.5-14.5
FL from both A47-fPrdmi67- (Figure 3A) and A13-fPrdml6”-
mice (Figure 3B), the frequency and absolute number of HSCs
were reduced, although the frequency of Lin'Scal*Kit* (LSK)
cells was unchanged (Supplemental Figure 6A). Heterozygous
mice displayed intermediate phenotypes, similar to Prdmil6*"
mice. Given the similar phenotypes of 447-fPrdmi167- and 413-
fPrdml67- embryos, subsequent experiments were performed
using 447-fPrdml67- embryos. The similar phenotypes of 447-
fPrdml167- and A13-fPrdm167- embryos indicated that these were
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not caused by off-target effects. Furthermore, as any off-target
indels would assort randomly after mating of A47-fPrdmi16*- het-
erozygotes and as WT littermates were used as controls, pheno-
types described can be assigned with confidence to deletion of
fPrdml6. This notion is further supported by the absence of a
phenotype in mice in which the putative sPrdml6 TSS was tar-
geted and in which fPrdmi16 was intact, which can be considered
nontargeting controls for fPrdml6. The fraction of cycling and
apoptotic cells did not differ appreciably between A47-fPrdm167-
and WT littermate FL HSCs (Supplemental Figure 6, B and C). In
competitive transplantation studies, FL cells from A47-fPrdm167-
mice showed a severe repopulation defect in PB (Figure 3C) and
BM (Figure 3D) compared with FL cells from WT littermates. As
in germline Prdml167- FL and Prdml16"/.Vav-Cre BM cells, there
was no defect in homing of donor cells to the BM after 24 hours in
fPrdm167- FL cells (Supplemental Figure 5F). However, although
FL HSCs typically show more pronounced lymphoid potential
than adult BM HSCs, the 447-fPrdm167—-derived donor cells dis-
played an even stronger and nearly absolute lymphoid bias (Figure
3E), and, within the lymphoid compartment, a bias toward B cells
(Figure 3F). Such differentiation bias was not present in Prdm167
(8) or Prdmi16™.Vav-Cre HSCs (Figure 1, D and H). Collectively,
these data indicate that fPrdmi6 is required for normal HSC func-
tion, but that sPrdml16 supports at least some lymphopoiesis.

Genome-wide expression profiling of fPrdm167~ HSCs. RNA-Seq
on purified WT and 447-fPrdml167- HSCs revealed 578 upregu-
lated and 694 downregulated genes in A47-fPrdmi167- HSCs. Top
up- and downregulated genes and principal component analysis
are shown in Supplemental Figure 7. As in Prdm16"".Vav-Cre FL
and adult BM HSCs, pathways involving small GTPase signaling
including cell motility, Rho and Ras GTPase binding and GEF
activity, actin organization, vasculogenesis, and angiogenesis
were downregulated in 447-fPrdm167-HSCs (Figure 3G), suggest-
ing that these pathways are specifically induced by fPrdmi6, and
that their downregulation may contribute to the severe defects in
A47-fPrdm167- and Prdm16"%.Vav-Cre HSCs. A list of the top genes
in these pathways reduced in both A47-fPrdm167- and Prdm16"*.
Vav-Cre HSCs is given in Supplemental Table 1. On the other hand,
A47-fPrdm167- HSCs showed an increase in immune and inflam-
matory pathways. Although pathway analysis with rigorous mul-
tiple testing correction and an FDR cutoff of 0.1 did not reveal
enhanced inflammation in WT compared with Prdm16"4.Vav-Cre
HSCs, an inflammatory signature was overrepresented in WT cells
compared with Prdm16".Vav-Cre HSCs at an FDR of 0.13. These
findings indicate that sPrdm16 induces an inflammatory signature
that is repressed by fPrdml6.

sPrdml16 supports the generation of Lin Scal*Kit* lymphoid pro-
genitors. We further investigated the apparent lymphoid and B cell
bias in recipients of 447-fPrdm167- cells. Donor repopulation in
recipients of A47-fPrdmi167- cells was reduced to a similar extent
in spleen, thymus, and BM (Figure 4A). In BM, donor-derived LSK
cells, common lymphoid progenitors (CLPs), common myeloid
progenitors (CMPs), granulocyte-monocyte progenitors (GMPs),
and megakaryocyte-erythroid progenitors (MEPs) were similarly
reduced in recipients of 447-fPrdm167- cells and of WT littermate
cells (Supplemental Figure 6D). However, a population of Lin-
Scal’Kit™ (LSK) cells was strikingly overrepresented relative to
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Figure 3. Hematopoietic phenotype of fPrdm16-deficient mice. (A) HSC frequency and absolute number (Lin"cKit*Sca*Mac1*CD48-CD150*) in FL of 447-
fPrdm167- (KO), A447-fPrdm16*/- (HET), and WT littermate mice (n = 34 mice). (B) Analysis of 413-fPrdm16~- mice, performed as in A (n = 28 mice). (C) PB
donor chimerism 16 weeks after competitive transplantation of WT or KO FL HSCs (n = 12-14 mice, 3 independent experiments). (D) BM donor chimerism in
recipient mice from C 16 weeks after transplantation (n = 6 mice). (E) Percentage lymphoid (CD19* or CD3*) donor cells in PB from C (n = 12-14). (F) Percent-
age of B cells (CD19*) among lymphoid cells in E. (G) GO pathways significantly up- or downregulated in 447-fPrdm16~- FL HSCs. Values expressed as -log,
of the Pvalue, determined by PANTHER analysis. Mean + SEM. NS, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; 1-way ANOVA for multiple comparisons

or Student’s t test for single comparisons.

other donor populations in the BM of recipients of 447-fPrdm167-
cells, and LSK™ cells were, among 447-fPrdml67- donor cells,
approximately 20-fold more frequent compared with donor LSK°
cells in recipients of WT littermate FL cells (Figure 4, B and C).
Previous work from our group has shown that the LSK" popu-
lation, which does not express cKit but expresses more Scal than
LSK cells, contains a lymphoid progenitor distinct from CLPs,
primarily possesses B cell potential, and displays a higher pro-
pensity to generate splenic marginal zone (MZ) B cells compared
with CLPs. Furthermore, B cells generated from LSK cells express
more Scal than those derived from CLPs (43, 44). Analysis of
the spleens of recipient mice revealed that the fraction of donor-
derived MZ B cells was significantly higher in recipients of 447-
fPrdml167- cells than in recipients of WT littermate cells (Figure
4D and Supplemental Figure 6E). Furthermore, 447-fPrdm167-
MZ B cells expressed more Scal than WT littermate-derived MZ B
cells (Figure 4E and Supplemental Figure 6F). These findings are
consistent with B cell development that is predominantly derived
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from LSK" cells in 447-fPrdm167- FL cells. Further analysis of the
stem and progenitor compartment in the FL of A47-fPrdml167-
embryos showed lower CD150 mean fluorescence intensity (Fig-
ure 4F) compared with WT littermates. As low CD150 expression
is associated with higher lymphoid potential (45, 46), these find-
ings are consistent with the lymphoid bias of 447-fPrdm167-HSCs.
Finally, although LSK cells are rare in FL (43, 44), FL from 447-
fPrdm167- embryos contained more LSK cells compared with WT
(Figure 4G). While highly expressed in HSCs as reported previ-
ously, Prdml6 mRNA was nearly undetectable in LSK™ cells (Fig-
ure 4H). It is therefore most likely that sPrdm16 is required for the
development of LSK" cells from HSCs, and not for their mainte-
nance and differentiation into B cells.

Collectively, these results indicate that fPrdmI6 promotes main-
tenance of HSCs and is not redundant with sPrdm16. Furthermore,
both Prdm16 isoforms play distinct roles in HSCs as they drive differ-
ent genome-wide expression signatures and as sPrdml6 is required
for the development of LSK lymphoid progenitors from HSCs.
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Figure 4. sPrdm16 supports development of an LSK- B cell progenitor. (A) Donor chimerism in BM, thymus, and spleen 16 weeks after competitive
transplantation of 447-fPrdm16~- FL HSCs (n = 6). (B) Representative flow cytometry plots showing gating of Lin-Sca1*Kit™ (LSK- cells) in BM of recipients
of A447-fPrdm16- (KO) and WT littermate FL cells (n = 6). (C) Donor LSK- frequency in recipients of WT and KO FL cells (n = 6). (D) Ratio of marginal zone
(CD21MCD23") to follicular B cells (CD23MCD21°) (MZ/FO) among donor splenic B cells (CD19*) in recipients of WT and KO FL cells (n = 3). (E) Scal mean
fluorescence intensity (MFI) of donor MZ cells (n = 3). (F) Relative CD150 MFI of FL HSCs (n = 54 mice). (G) LSK- frequency (n = 73 mice) in FL from WT,
A47-fPrdm16*/- (HET), and KO FL expressed as a percentage relative to litter average. (H) Prdm16 mRNA copies per cell in HSC and LSK- populations from
8-week-old WT mice (n = 3-4 mice, in triplicate). Mean + SEM. NS, P > 0.05; *P < 0.05; **P < 0.01; 1-way ANOVA for multiple comparisons or Student’s

t test for single comparisons.

Expression of sPrdml16 in HSCs is sufficient to enhance the pro-
gression of leukemia. Next, we examined the role of Prdmi6 in
AML using retroviral transduction of HSCs with the MLL-AF9
fusion gene and an hNGFR reporter as a model (Supplemental
Figure 8A) (47). Transduced purified adult BM Prdm16%/.Vay-
Cre, FL Prdm167-, FL A47-fPrdm167-, and appropriate WT litter-
mate HSCs were expanded for 3-4 days, and 2 x 10* hNGFR* cells
were transplanted into irradiated recipient mice together with 2
x 10° supporting WT BM cells (Supplemental Figure 8, B and C).
Multiple independent experiments from independent retroviral
transductions were performed to avoid biological artifacts due
to specific integration sites. Latency was significantly extended
in recipients of immortalized Prdm16"".Vav-Cre compared with
Prdm16™f cells (Figure 5A). However, we observed no differences
in AML-CFU formation and proliferation in vitro (Figure 5B).
Leukemia was confirmed by accumulation of Macl*Gr1*'NGFR*
cells in PB (Supplemental Figure 8D) and H&E staining of PB
(Supplemental Figure 8E). Similar data were obtained after trans-
plantation of MLL-AF9-transduced FL HSCs from germline-
deleted Prdmi167- mice (Figure 5, C and D). Consistent with the
haploinsufficiency with respect to HSC function in Prdml6*"
mice, leukemia latency in recipients of Prdm167- cells was also
intermediate between that in recipients of WT and Prdm167~ cells
(Figure 5, C and D). Transduction of Lin"ScalKit* progenitors

(a population containing GMPs, CMPs, and MEPs) followed by
transplantation also yielded a longer latency in Prdml6-deficient
cells (Figure 5E). Retroviral transduction of both sPrdml6 and
fPrdml6 (Supplemental Figure 8F) partially restored latency to
that of WT cells (Supplemental Figure 8G). In contrast, however,
latency was similar in recipients of 447-fPrdmi167- and WT litter-
mate immortalized cells (Figure 5F). sPrdmié6 is therefore suffi-
cient to shorten latency to that observed in recipients of WT cells,
while physiological expression of fPrdml6 in HSCs does not play
arole in leukemogenesis.

To determine whether expression of Prdm16 in leukemic cells
or in the cell of origin was critical, we examined Prdml6 mRNA
expression. Prdml6 mRNA was undetectable in leukemic cells
(Figure 5G). Expression of sPrdm16 in the cell of origin was there-
fore likely the determinant of latency. An inheritable, epigenetic,
leukemia-promoting effect of sPrdm1i6 is therefore plausible.

RNA-Seq (3 independent experiments) revealed a broad
array of differentially regulated pathways. Eight hundred seven-
teen genes were significantly upregulated and 708 genes were
downregulated in Prdm16"/.Vav-Cre MLL-AF9 cells. Most strik-
ingly, inflammatory and GTPase pathways were downregulated
in Prdm16"%.Vav-Cre leukemic cells (Figure 5H). This finding is
consistent with the previously described expression signature of
Prdm16/4.Vav-Cre HSCs.

jci.org  Volume128 Number8  August 2018

3255


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/8
https://www.jci.org/articles/view/99862#sd
https://www.jci.org/articles/view/99862#sd
https://www.jci.org/articles/view/99862#sd
https://www.jci.org/articles/view/99862#sd
https://www.jci.org/articles/view/99862#sd
https://www.jci.org/articles/view/99862#sd
https://www.jci.org/articles/view/99862#sd

3256

RESEARCH ARTICLE

The Journal of Clinical Investigation

A - P <0.0001 B ; NS (o] 5100 — Prami6
2 - w K 2 = Prdm16*
e n = = @= Prdm16-
3 2810 3
c
£ 50 Sg = 505 +-vs. +/+ P=0.001
8 == WT (Cre) 838 5% Q /= vs. +/+ P < 0.0001
) == KO (Cre*) A > +/—vs. —/- P =0.036
a 0 v 7 v v ] 0 a0
0 20 40 60 80 100 WT KO 0 50 100 150
Time (days) Time (days)
D E F G
NS _ P < 0.0001 NS
21E go F0 = —Cre- T 100] ;gg =
-~
2 = 150 I’ s == Cre*- < ® O -
Z 0 5 5 2 g 40
S.g100 2 50 2 501 8o 5
Q8 c c T o
O~ 50 3 3 = FLWT o x >
) @ == FL KO
0] o 0 v + 1 o r v v v O—r——T—sro—oro—ore
WT HET KO 0 50 100 150 0 20 40 60 80 £ QQ ®Q o oV Qq,
Time (days) Time (days) NG EE
H Upregulated Downregulated
Lipid metabolic process < Inflammatory response
Metabolism < Leukocyte migration =
Neg. reg. of cytokine production = Leukocyte activation =
Cell adhesion - Granulocyte migration =
Response to cytokine = Hemopoiesis -
SH3 domain binding - Regulation of angiogenesis -
Heparin binding - Regulation of cell adhesion -
Protein kinase binding - Rho GTPase binding
Heart morphogenesis Ras GTPase binding
I-xB phosphorylation = Cytokine production -
Death receptor activity = Cellular extravasation =
Protein glycosylation Metal ion homeostasis
Cholesterol metabolic process = Icosanoid biosynthetic process -
Neural tube formation Lung morphogenesis -
Phosphatidylinositol binding = GTPase regulator activity -
Regulation of cell cycle Phospholipid binding
T T L] L] 1 T T T L]
0 1 2 3 4 5 0 2 4
—log(FDR) —log(FDR)

Figure 5. sPrdm16 expression in HSCs shortens latency of MLL-AF9 leukemia. (A) Survival of lethally irradiated mice transplanted with BM HSC-derived
MLL-AF9 cells from Vav-Cre™- Prdm16™" (WT) and Vav-Cre*- Prdm16"/ (KO) mice. (B) Colony-forming assays of MLL-AF9 cells from A (n = 4 independent
assays in duplicate). (C) Survival of lethally irradiated mice transplanted with Prdm16*/* (WT), Prdm16*/- (HET), or Prdm16~/- (KO) FL HSC-derived MLL-AF9
cells. (D) Colony-forming assays of MLL-AF9 cells from C (n = 4 independent assays in duplicate). (E) Survival of lethally irradiated mice transplanted with
MLL-AF cells generated from BM Lin-ScalKit* cells from Vav-Cre”~ Prdm16%/f (WT) and Vav-Cre*- Prdm16f/f (KO) mice. (F) Survival of lethally irradiated
mice transplanted with FL HSC-derived MLL-AF9 cells from A47-fPrdm16~- (KO) or WT littermate mice. (G) Expression of Prdm16 relative to HSC controls in
stem and progenitor cells and in MLL-AF9 leukemic cells (n = 3, in triplicate). MPP, multipotent progenitor. (H) GO pathways significantly up- or downregu-
lated in KO relative to WT MLL-AF9 cells from A. Values expressed as -log,  of the P value, determined by PANTHER analysis. Mean + SEM. NS, P > 0.05;
1-way ANOVA for multiple comparisons, Gehan-Breslow-Wilcoxon test for comparison of survival curves; n = 13-15 recipients from 3 independently derived

MLL-AFS lines for each of the survival experiments in A, C, E, and F.

Distinct roles of Prdml6 isoforms expressed in leukemic cells.
Although Prdml6 was undetectable in MLL-AF9 leukemic cells,
aberrant expression of PRDMI6 is frequently observed in human
AML and is associated with poor prognosis (27-31). We there-
fore examined the effect of forced expression of each isoform in
leukemic cells. To avoid the confounding effect of endogenous
expression of Prdml6 in HSCs, which promotes leukemogenesis
(Figure 5), we transduced each isoform separately or together
in MLL-AF9 immortalized HSCs from Prdmi6"".Vav-Cre mice
(Supplemental Figure 8, A and F). Similar GFP fluorescence indi-
cated similar expression of each isoform in the respective lines
(Supplemental Figure 8H). If the longer cDNA of fPrdm16 would
impair transcription or translation compared with sPrdml16, GFP
fluorescence should be lower in cells transduced with fPrdmié,
as GFP is expressed off the IRES sequence. As with Prdm16 dele-
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tion, there were no differences in AML-CFU or overall growth
in vitro among MLL-AF9 cells expressing either isoform (Figure
6A). However, sPrdmi6 shortened latency while fPrdmi16 further
increased latency in recipients of Prdml16/4.Vav-Cre MLL-AF9
cells (Figure 6B). Latency after coexpression of both isoforms
was in between those extremes. These differences in latency
were not caused by changes in engraftment, as 24-hour engraft-
ment experiments showed that, in fact, fPrdml6-expressing cells
engrafted more efficiently than sPrdml6-expressing cells (Figure
6C). Cytological analysis showed increased fragmented nuclei in
cells expressing sPrdm16 (Supplemental Figure 8, I and J), a find-
ing consistent with the dysplastic changes observed in AML with
Prdm16 translocations (5, 6,18, 28, 32, 33), where the PR domain is
deleted. sPrdml6-expressing cells also included fewer cycling cells
than those expressing fPrdm16 or empty vector (Figure 6D). These
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Figure 6. Distinct roles of Prdm16 isoforms in MLL-AF9 leukemia. (A) Colony-forming assays of Prdm16-deficient Vav-Cre*- Prdm16//" (KO) MLL-AF9 cells
expressing empty vector, fPrdm16, or sPrdm16 (n = 3 independent assays in duplicate). (B) Survival of lethally irradiated mice transplanted with MLL-AF9
cells expressing empty vector, fPrdm16, sPrdm16, or both (n = 14-15 recipients from 3 independent experiments). (C) Percentage of MLL-AF9 cells in BM of
recipient mice 24 hours after transplantation (n = 9 recipients from 3 transplants). (D) Percentage Ki67* cells among MLL-AFS cells of leukemic mice (n =
4 recipients). (E) GO pathways significantly upregulated in sPrdm16- or fPrdm16-expressing MLL-AF9 cells isolated from leukemic mice. Values expressed
as -log, of the P value, determined by PANTHER analysis. (F) Basal oxygen consumption rate (OCR). (G) Spare respiratory capacity (SRC) (P[EV/fPrdm16]
= 0.07, P[fPrdm16/sPrdm16] = 0.08). (H) Respiratory ATP production. (1) Proton leak in MLL-AF9 cells from leukemic mice. n = 4 recipients (F-I). (J) ROS
measured by MFI of CellROX Deep Red in MLL-AF3 cells (n = 4). Mean + SEM. NS, P > 0.05; *P < 0.05; **P < 0.01; 1-way ANOVA for multiple comparisons,

Gehan-Breslow-Wilcoxon test for comparison of survival curves.

findings suggest an oncogenic role for sPrdml6 and a tumor sup-
pressor role for fPrdml16 when expressed in leukemic cells that is
not directly related to cycling or engraftment potential.

Enhanced inflammation induced by sPrdml6 in leukemic cells.
Expression profiles obtained by RNA-Seq from leukemic cells iso-
lated from moribund mice in each cohort were compared with that
of empty vector-transduced cells. Three hundred ninety-eight genes
were significantly upregulated and 760 genes were significantly
downregulated in fPrdml6-expressing Prdm16"/.Vay-Cre MLL-AF9
cells. A much larger set of genes was regulated by sPrdmlé6: 1,608
genes were upregulated and 1,924 genes were downregulated. The
top 50 genes up- and downregulated in each cohort, as well principal
component analysis, are shown in Supplemental Figure 9, A and B.
Differentially regulated pathways are shown in Figure 6E and Sup-

plemental Figure 9C. fPrdm16, but not sPrdm16, upregulated respira-
tion and oxidative phosphorylation pathways. Metabolic flux analy-
sis showed that fPrdml6-expressing leukemic cells displayed higher
basal oxygen consumption (Figure 6F) while higher spare respiratory
capacity just failed to reach significance (Figure 6G) in comparison
with control or sPrdml6-expressing cells. However, respiratory ATP
production was similar in all groups (Figure 6H), while fPrdmi6-
expressing cells displayed increased proton leak (Figure 6I) and ROS
production (Figure 6]). While enhanced uncoupling, as observed in
brown fat, might play a role, no induction of UcpI was observed (not
shown). On the other hand, sPrdm16 strikingly induced immune and
inflammatory pathways, a signature we also found associated with
expression of sPrdml6 in HSCs and in MLL-AF9 leukemia derived
from WT compared with Prdm16"#.Vav-Cre HSCs. Of the 418 genes
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Figure 7. PRDM16 is associated with an inflammatory signature in a subset of human AML. (A) Correlation between PROM16 RPKM and overall survival
in all 179 human AML samples from the Cancer Genome Atlas (CGA) (n = 179). (B) PRDM16 RPKM for all samples from A, ranked by RPKM, illustrating
Q1/Q2 (PRDM16") and Q4 (PROM16"M). (C) Principal component (PC) analysis of cohorts described in B. (D) PROM16 RPKM compared within 4 mutually
exclusive groups from the CGA AML cohort: NPM1 mutated, NPM1wt HOXAS/B4 double-positive (HOXA/B), HOXA9 or HOXB4 single-positive (One HOX),
and HOXA9/HOXB4 double-negative (No HOX) (n = 179). (E and F) Correlation between PROM16 RPKM and overall survival among NPM1-mutated AML
samples (n = 47) (E) and MLL-rearranged AML samples (F) in the CGA (n = 21). (G and H) Principal component analysis of NPM71-mutated (G) and MLL-
rearranged (H) AML cases from the CGA, comparing PRDM16" and PROM16" cohorts. (I and )) Representative list of GO pathways upregulated in PROM16"
or PRDM16" cohorts of NPM1-mutated (1) or MLL-rearranged (J) AML cases in the CGA. Values expressed as -log,, of the P value, determined by PANTHER
analysis. (K) x? analysis of observed versus expected number of dysregulated MDS-related genes in common with genes from our RNA-Seq analysis in
Figure 5H and Figure 6E. Data represent mean + SEM. NS, P > 0.05; *P < 0.05; **P < 0.01; Pearson'’s test for linear correlations, 1-way ANOVA for multiple

comparisons, ¥’ test for comparing observed vs. expected values.

in the Gene Ontology (GO) term “inflammatory process,” 151 were
upregulated in at least 1 of these data sets. Of those, 56 (37%) were
upregulated in at least 2, and 13 (9%) in all 3 data sets (Supplemental
Table 2). sPrdmi6 also induced several GO terms related to GTPase
signaling (Figure 6E). As similar pathways were found to depend on
the presence of fPrdml6 in normal HSCs, these data indicate that
sPrdmi6 also has context-dependent effects on gene expression
signatures. Finally, as a previous report suggested that fPrdml6 but
not a mutant without HMT activity induces Gfilb and in doing so
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represses Hoxa genes to prevent leukemogenesis (21), we specifical-
ly analyzed expression of Gfilb and Hoxa cluster genes. We found,
however, that Gfilb expression was very low and that fPrdml16 did
not repress any Hoxa genes (Supplemental Table 3).

Association between PRDMI16 and inflammation in NPMI-
mutant and MLL leukemias. To explore the relation between
PRDM1I6, inflammation, and leukemia progression in human
AML, we used publicly available gene expression data from
the Cancer Genome Atlas (48). Among the 179 AML samples,
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Change in MDS Fold change Pvalue Fold change Pvalue PRDMI16 does not, as has been suggest-

(cl5 Lower 034 94x107 0.32 35x107 ed (21), repress HOX genes, but rather
Csflr Higher 2.00 1.9 %107 3.58 84x10° that HOX genes may induce PRDM16.

Tnf Higher 312 51x10® 3.27 14x10°° We next focused on 2 specific AML

nr2 Higher 260 41x107 11.28 3.9x10° subsets: karyotypically normal, NPMI-

ns Higher 229 79x10° 447 42x107 mutated AML (47 samples), because

Vegfa Higher 1.06 6.9 10" 149 10107 PRDMI6 is frequently overexpressed

(3 Higher 333 72>10° 247 2010 in these leukemias (27), and MLL-

(a4 H?gher 2.69 3.0 x10° 258 61107 rearranged leukemias (21 samples),

;’g ::g:s: []1982 gg:}g: ;Zg ?5:11[[]]: as we found a role for Prdmié6 in the

9 Higher = 92 x10° 196 4% 102 MLL-AF9 mouse model and as Prdml16

downregulation has been reported to be
required for pathogenesis in this model

PRDM16 expression (as calculated by reads per kilobase of tran-
script per million mapped reads [RPKM]) correlated negatively
with overall survival (Figure 7A), confirming multiple reports of
PRDM]I6 expression as a negative prognostic factor (28-31). To
detect a specific impact of SPRDM16 on prognosis, we calculated
the RPKM values of exons 1-3 (fPRDM16 only) and exons 4-17
(total PRDM16), using the difference between those to estimate
sPRDM16. Expression of fPRDM16 and expression of sSPRDMI6
were correlated, indicating that both isoforms are expressed in
most PRDMI6-expressing leukemias and confirming previously
published findings (27). sPRDM16 expression, however, had a
stronger negative prognostic value and a more negative correla-
tion coefficient with survival than fPRDM16 (Supplemental Figure
10, A-C). These data are consistent with the shortening of latency
after forced expression of sPrdml16 but not fPrdmi6 in the MLL-
AF9 mouse model, and support a primary negative prognostic role
for sPRDM16. Notably, PRDM16 expression was not correlated
with expression of EVI1/PRDM3 (Supplemental Figure 10D).

We next divided the cohort into 4 quartiles based on PRDM16
RPKM, and compared samples with low expression (Q1 and Q2,
PRDM16% with RPKM <0.1) and high expression (Q4, PRDM16"
with RPKM >5.0) of PRDM16 (Figure 7B). Principal component
analysis showed no discernible clustering (Figure 7C). However,
among differentially expressed genes between both groups, HOX
genes appeared overrepresented (Supplemental Table 4). Thirteen
of 40 HOX genes were upregulated in the PRDM16" cohort, sig-
nificantly more than expected (0.53/40, P < 0.001). We compared
expression of PRDMI6 after stratification based on HOX cluster
expression, using HOXA9 and HOXB3 as representative genes.
Quite strikingly, in HOX-negative AML and in cases in which
only 1 HOX cluster was upregulated, PRDM16 expression was low
to undetectable. Of the 66 HOX-negative samples, none had a
PRDM1I16 RPKM greater than 5, and only 4 of 66 cases (6%) had
a PRDM16 RPKM greater than 1. In contrast, in HOXA/B-double-
positive AML and NPMI-mutated AML, in which both HOXA
and HOXB genes are upregulated (49), the mean PRDM16 RPKM
was greater than 5 (Figure 7D). As in the MLL-AF9 mouse model,

(21). As with the total AML cohort,

PRDM16 expression negatively cor-

related with overall survival in NPMI-
mutant AML (Figure 7E). These effects appeared to be indepen-
dent of FLT3 or DNMT3A comutations, as a negative correlation
was noted in both FLT3/DNMT3A mutant and WT populations,
although sample size was likely too small to achieve statistical sig-
nificance (Supplemental Figure 10, E and F). A similar trend was
also present in the MLL cohort, but results were not significant
(Figure 7F), again possibly owing to the smaller sample size.

We next divided both AML subsets into PRDMI6" and
PRDM16" groups, again using quartiles (Q1/Q2 vs. Q4). Principal
component analysis clearly separated PRDM16" and PRDM16"
groups both in NPMI1-mutant (Figure 7G) and in MLL-translocated
leukemias (Figure 7H). PANTHER pathway analysis showed that
in both AML subsets PRDMI16" leukemias were associated with
an upregulated inflammatory signature compared with PRDM16"
leukemias (Figure 7, I and J). That this association could not be
detected in the overall AML cohort may indicate specificity to the
NPM1 and MLL AML subsets, or be a result of the use of more
homogenous leukemic cohorts.

Collectively, these findings indicate that PRDMI6 is associ-
ated with a worse prognosis overall, and, at least within the NPMI-
mutant and MLL-translocated leukemias, with an inflammatory
expression signature, consistent with the inflammatory signature
induced by sPrdm16 in the MLL-AF9 mouse model.

A core set of inflammatory genes induced by sPrdml6 are associ-
ated with myelodysplastic syndromes. Myelodysplastic syndromes
(MDS) are characterized by ineffective hematopoiesis by a domi-
nant clone displaying enhanced proliferation and cell death,
while normal hematopoiesis is suppressed. Inflammation is a key
feature of MDS (50, 51). As sPrdml6-expressing MLL-AF9 cells
display dysplastic features and express an inflammatory signa-
ture (Supplemental Figure 8, I and J), we extracted all genes from
the GO term “inflammation” that were upregulated in sPrdmi6-
overexpressing compared with empty vector control cells and in
WT compared with Prdm167- MLL-AF9 leukemic cells, and cross-
referenced these with a consensus list of inflammatory genes
frequently dysregulated in MDS (50). Of this MDS signature, a
much higher fraction than expected through random association

jci.org  Volume128 Number8  August 2018

3259


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/8
https://www.jci.org/articles/view/99862#sd
https://www.jci.org/articles/view/99862#sd
https://www.jci.org/articles/view/99862#sd
https://www.jci.org/articles/view/99862#sd
https://www.jci.org/articles/view/99862#sd
https://www.jci.org/articles/view/99862#sd

3260

RESEARCH ARTICLE

was also regulated by sPrdm16 (Figure 7K and Table 1). sPrdm16
therefore induces an inflammatory signature that overlaps with
that observed in MDS.

Discussion

We report here that the two PRDM16 isoforms, sSPRDM16 and
fPRDM16, have distinct roles in the maintenance of HSCs and
in AML.

Prdm16 is required for normal HSC function (8, 9), and con-
ditional deletion within the hematopoietic system indicates that
this effect is cell-autonomous. We note that of the 14 genes found
differentially regulated in germline Prdmi167- HSCs by Fluidigm
qPCR (8), only 2 (Mmil and Cdknlc) were also found in the RNA-
Seq experiments in Prdml6"".Vav-Cre and A47-fPrdm167- mice
described here. The reasons may be technical. It is also possible,
however, that the fact that we performed RNA-Seq on 3 indepen-
dent replicates, thus decreasing statistical noise but increasing
the probability of missing truly differentially expressed genes,
may play a role. Regulation of pathways related to GTPase-medi-
ated signaling, as well as pathways involved in cell motility and
vasculogenesis, in which small GTPases play key roles, could
be ascribed to expression of fPrdml16, which is required for HSC
maintenance. These pathways play important roles in HSC func-
tion, cycling, homing, and mobilization (40, 52-55). Many genes
downregulated in both Prdmi6"".Vav-Cre and A447-fPrdml67-
HSCs are involved in vesicle trafficking (Als2¢l, ref. 56; Arhgef10,
ref. 57; Rabl1lfip3, ref. 58) and/or are guanine exchange factors
(Arhgef10; Fgd5, ref. 59; Itsnl, Obscn, Rgll) (Supplemental Table 1).
fPrdml6 may regulate endosomal trafficking in HSCs, which may
play thus far underappreciated roles in HSC function. Increased
mitochondrial respiration as observed in adult, but not in fetal,
Prdm16"".Vav-Cre HSCs is associated with enhanced cycling and
HSC exhaustion (60-65). Cycling was only slightly enhanced in
Prdml6-deficient HSCs, though just shy of statistical significance.
The effect of Prdm16 on respiration could not be assigned specifi-
cally to fPrdm16, as this effect was not present in FL HSCs and only
FL HSCs could be assessed in A47-fPrdm167- mice. It is possible
that the absence of increased respiration in Prdm16"".Vav-Cre FL
HSCs is due to the already more oxidative nature of WT FL stem
and progenitor cells compared with their adult counterparts (41).

Although, unfortunately, we did not succeed in generating an
sPrdml67- mouse, at least some of the effects of sPrdml6 can be
inferred from differences between the phenotypes resulting from
deletion of both isoforms simultaneously and from deletion of
fPrdml6 alone. We have previously shown, using overexpression
studies and chromatin immunoprecipitation, that sPrdm16 induc-
es Mfn2 in HSCs (23). Our current studies indicate a broader role
for sPrdm16 in hematopoiesis. sPrdmli6 is required for the genera-
tion of an LSK™ lymphoid progenitor we described previously (43,
44), and most notably induces inflammatory pathways, both in
HSCs and in leukemic cells. As inflammation is involved in HSC
activation but is detrimental to HSC function when chronic (66),
it is possible that specific deletion of sPrdml6 would also reveal a
critical role for this isoform and that normal HSC function hinges
on the balance between both isoforms.

In contrast to the role of both Prdml16 isoforms in the regula-
tion of normal HSCs, we find only sPrdmli6 to be relevant to leu-
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kemogenesis from HSCs, as physiological expression of sPrdm16,
as in 447-fPrdm167- cells, is sufficient to restore the increased
latency observed in Prdm16"/.Vav-Cre MLL-AF9 leukemia to that
of WT. Because in these experiments Prdml6 was not expressed
in the leukemic cells, but only in the HSCs from which these were
derived, it is plausible that this effect of sPrdml6 is at least in part
epigenetic, a notion consistent with previous observations sug-
gesting that epigenetics within the cell of origin has a pronounced
effect on prognosis of leukemia (67).

Consistent with the induction of an inflammatory signature
in normal HSCs, sPrdml6 also drives inflammation in MLL-AF9-
induced leukemia in mice, both when expressed in HSCs and
subsequently downregulated during leukemogenesis and after
forced expression in leukemic cells. Multiple reports have indi-
cated an association between inflammation and outcome in both
AML and MDS, as well as in myeloproliferative neoplasms (MPNs)
and MDS/MPN (50, 51, 68-73). Antiinflammatory and immune-
suppressive treatments are currently being explored in MDS (50,
51). It is unclear, however, which genes drive inflammation in
hematological malignancies, to what extent preexisting inflam-
mation predisposes to the development of hematological malig-
nancy, and whether the malignancy itself directly or indirectly
promotes inflammation. The frequent association between pre-
existing autoimmune disease and the subsequent development of
MDS suggests that, at least in MDS, inflammation plays a role in
disease predisposition, although a role for inflammation caused
by or emanating from the abnormal clone in disease progression
has been suggested as well (74). Our observations indicate that at
least in a subset of AML, the expression of sSPRDM16 underlies an
inflammatory process that originates in the leukemic clone.

The inflammatory signature induced by sPrdmi6 in leukemic
cells overlapped with that observed in MDS (50, 51). A core set of
genes regulated by sPrdm16 and dysregulated in MDS (50) include
cytokines and chemokines associated with prognosisin AML. High
expression of hepatocyte growth factor (HGF) (71), vascular endo-
thelial growth factor A (VEGFA) (70, 75), and tumor necrosis factor
(TNF) (73), which are all increased in MLL-AF9 cells expressing
sPrdmlé6, is associated with a worse prognosis. On the other hand,
sPrdml6 repressed Ccl5 expression. Lower levels of CCL5 are
observed in MDS (50) and adversely affect prognosis in AML (72).
The inflammatory signature induced by sPRDM16 might explain
why translocations involving PRDMI6 can also be associated with
MDS (5, 6), while AML with PRDM16 translocations displays dys-
plastic changes (31-33). Furthermore, we observed increased fre-
quency of abnormal nuclei in MLL-AF9 cells expressing sPrdml6.
Inflammatory cytokines and chemokines may suppress normal
hematopoiesis, thus providing a competitive advantage to leuke-
mic cells overexpressing sSPRDM1I6, despite their lower prolifera-
tion and lower engraftment capacity. CCL3, for example, is also
induced by sPRDM16, is associated with MDS (50), and inhibits
leukemic proliferation and megakaryocyte/erythroid progeni-
tors (76). A recent report lends additional support to this idea
(77). AML cells in endosteal zones of the BM express inflamma-
tory mediators and remodel endothelial cells, thus suppressing
normal hematopoiesis (77). Taken together, our observations are
consistent with a model wherein sPRDM16 induces inflammatory
genes, and in particular secreted inflammatory cytokines, in leu-
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kemic cells and in doing so suppresses normal hematopoiesis, thus
explaining its deleterious impact on outcome. This mechanism
would also explain the absence of any effect of Prdm16 on prolif-
eration and colony formation of leukemic cells in vitro.

For many PRDM genes involved in malignancy, the long form
functions as a tumor suppressor (19, 24, 25). Our observations
suggest that physiologically expressed fPRDMI16 in HSCs does
not suppress leukemogenesis, as leukemic cells from fPrdmieé-
deficient mice have similar latency to WT. Forced expression
in leukemic cells, however, was associated with increased res-
piration, enhanced oxidative stress, and extended latency, sug-
gesting tumor-suppressive activity that may counterbalance the
leukemia-promoting effects of sPRDMI6 in leukemias expressing
PRDM1I6. The PRDM16 gene therefore encodes both an oncogene
and a tumor suppressor. Given the negative prognostic impact of
PRDM16 and in particular of sSPRDMI16 in human AML, the tumor-
promoting effect of sSPRDMI6 appears to generally prevail over
any tumor-suppressive actions of fPRDMI6.

A previous report indicated that fPrdmi6 is a tumor suppres-
sor, but that sPrdmi6 did not promote leukemia. These authors
showed that the PR domain of PRDM16 harbors H3K4 methyl-
transferase activity (21). Using the same MLL-AF9 model, they
found that fPrdm16, but not a mutant (mutPrdm16) without H3K4
activity, induced Gfilb, which in turn reduced expression of Hoxa
cluster genes and completely prevented leukemogenesis. Further-
more, knockdown of Prdm1i6 shortened latency. While we concur
with Zhou et al. (21) that Prdmi6 is downregulated during MLL-
AF9-induced immortalization of HSPCs, our data are at vari-
ance with most of these findings. First of all, we do not find that
fPrdm16 blocks leukemogenesis, and, in contrast to Zhou et al., we
could also not detect any inhibitory effect of fPrdm16 on prolifera-
tion in vitro. Second, we find that sPrdm16, which, similarly to the
mutant used by Zhou et al., cannot have any H3K4 methyltrans-
ferase activity, is biologically active, while Zhou et al. could not
identify any role of mutPrdmi6. Third, we could not find repres-
sion of Hoxa genes by either Prdml6 isoform. We did observe
an association between PRDM16 and HOX expression in human
AML, however. As Prdm16 did not affect Hoxa gene expression in
the MLL-AF9 mouse model, PRDMI6 is likely downstream and
not upstream of HOX genes in leukemia. Indeed, Yu et al. showed
that Hoxa9 and HoxalO induced Prdm16 (36), thus lending further
support to the idea that HOX genes regulate Prdml6. There are
several methodological differences between our work and that of
Zhou et al. Zhou et al. evaluated the effect of fPrdml16 and mut-
Prdml6 through knockdown and forced expression approaches
in a WT background. It is not clear whether or to what extent the
knockdown of Prdmi6 selectively affected one or the other iso-
form. Furthermore, forced expression of one isoform may induce
homeostatic mechanisms aimed at balancing the expression of the
respective isoforms (17). In contrast, we used mice with deletion
of Prdm16 or with a selective ablation of fPrdmi6, and in addition
performed overexpression experiments in Prdmi6-deleted leuke-
mic cells to distinguish the biological effects of each isoform.

The mechanisms of action of PRDM16 are unclear. The large-
ly distinct expression signatures indicate distinct mechanisms and
targets for each isoform. Furthermore, at least some of the expres-
sion signatures, such as mitochondrial respiration, are context-
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dependent. PRDM proteins act through multiple downstream
mechanisms. Although some, including PRDM16 (20, 21), may
harbor HMT activity, most act by recruiting other HMTs, histone
deactylases, and corepressors through zinc finger and proline-
rich domains. To drive brown fat development, PRDM16 binds
C/EBPa. Furthermore, they can bind DNA directly as well. To
what extent any of these mechanisms are used by the long and
short isoforms is unknown.

In summary, we showed here that sPrdml6 and fPrdmli6 play
distinct roles in the regulation of normal HSCs, and that sPrdm16 is
adriver of a prognostically adverse inflammatory signature in leu-
kemia. The association between expression of sPRDMI6, inflam-
mation, and progression of AML, and the similarities to MDS,
might foster the exploration of antiinflammatory or immune-
suppressive interventions that, while unlikely to be curative, might
improve prognosis of a subset of AML expressing sSPRDMI16 and
associated with inflammation.

Methods
Mice. C57BL/6] mice (CD45.2) and competitor B6.SJL-PtprcaPerst/soy]
(CD45.1) mice were purchased from The Jackson Laboratory.

Prdm16™" mice were generated by Ingenious Targeted Laboratory
Inc. A neomycin resistance cassette flanked by FRT and a 3'-loxP site
were inserted upstream of exon 6 and another loxP site was inserted
downstream of exon 7 in a 10.2-kb fragment from a C57NL/6 BAC
clone, extending from intron 5 through exon 9. The modified BAC
clone was electroporated into mouse embryonic stem cells, and Neo-
resistant clones were expanded, screened for retention of the Neo
cassette and second loxP site, and injected into B6 blastocysts to gen-
erate chimeric mice. Removal of the Neo cassette was accomplished
by crossing to FLP heterozygous mice, resulting in mutant, Prdm16"/
mice with loxP sites flanking exons 6 and 7.

Isoform-specific Prdml6-knockout mice were generated using
CRISPR/Cas9. PX330-based plasmids (200 ng/ul; Addgene), con-
taining CRISPR/Cas9 expression cassettes and specific gRNAs (Sup-
plemental Table 5), were injected into fertilized B6 blastocysts. Mice
chimeric for CRISPR-initiated mutations were bred to WT C57BL/6].
Heterozygous siblings were mated to generate a homozygous mutant.
All primers and gRNA constructs were purchased from Integrated
DNA Technologies. Prdml67- mice were obtained from Lexicon
Genetics, and Vav-iCre (Vav-Cre) mice were purchased from The
Jackson Laboratory.

MLL-AF9 transduction and cell culture. pMSCV-FPRDM16-IRES-
GFP/RFP and pMSCV-SPRDM16-IRES-GFP/RFP plasmids were
subcloned by Xhol/EcoRI insertion of fPRDMI6 or sSPRDM16 cDNA
into a backbone pMSCV-IRES-GFP/RFP plasmid (Addgene). pMSCV-
MLL-AF9-IRES-hNGFR was subcloned by replacement of GFP from
a pMSCV-MLL-AF9-IRES-GFP plasmid (Addgene) with hNGFR
cDNA. Retroviral particles were produced by seeding of PlatE cells
(Cell Biolabs) at 7 x 10° per cubic centimeter overnight followed by
transfection of each packaging and expression construct (1:1:1) using
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s
instructions. Media were pooled after 48 hours, clarified and con-
centrated by ultracentrifugation (100,000 g), resuspended in RPMI
media (Corning/Cellgro), and stored at -80°C. MLL-AF9 cells were
generated by transduction of sorted HSCs (Lin cKit*Scal*FIt3") or
committed myeloid/erythroid progenitors (Lin cKit*Scal CD16/32¢)
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with an MSCV-MLL-AF9-hNGFR retroviral construct by spinfection
at750 g, 22°C for 90 minutes. hNGFR" cells were sorted and expanded
in RPMI media (Corning/Cellgro) containing 15% FBS (Atlanta Bio-
logicals), 1x Glutamax (Gibco), penicillin/streptomycin (Gibco), 1x
MEM Non-Essential Amino Acids (Gibco), stem cell factor (50 ng/
ml), IL-6 (20 ng/ml), and IL-3 (10 ng/ml) (peptides from Peprotech).
For colony-forming assays, 1,000 cells were plated in 1 ml media of the
same composition containing 1.5% methylcellulose (Sigma-Aldrich),
and colony number was counted after 7 days.

MLL-AF9 leukemia and HSC transplantation. Two hundred puri-
fied HSCs, 2 x 10° unsorted BM or FL cells, or 2 x 10* purified MLL-
AF9 immortalized cells, as indicated, were injected together with 2 x
10° competitor BM cells into lethally irradiated mice (2 doses of 475
cGy using a Rad Source RS-200 X-ray irradiator) by tail vein injection.
Survival in leukemia experiments was determined as the number of
days after transplant before mice became moribund.

Quantitative reverse transcriptase PCR. After lysis (Trizol, Invitro-
gen), RNA was isolated according to the manufacturer’s instructions,
using a chloroform/isopropanol extraction and 70% ethanol wash.
c¢DNA was prepared using SuperScript III Reverse Transcriptase (Invi-
trogen). PCR was performed using the Viia7 Real-Time PCR System
(Applied Biosystems), using either inventoried or custom TagMan
probes, or using custom primers and SYBR Green enzyme (Supple-
mental Table 5). Relative mRNA content was determined by the
AACT method normalized to GAPDH-VIC or 18S-VIC housekeeping
genes. To determine copy number of Prdml6 isoforms, an fPrdmi6-
specific (exon 2/3 junction) and total Prdml16 (tPrdm1i6) probe (exon
14/15 junction) were used. Copy number was calculated from a lin-
ear regression of serial dilutions of a Prdml6-containing plasmid,
and sPrdml6 copy number was calculated via subtraction (sPrdml16 =
tPrdml16 - fPrdmi6).

Flow cytometry and cell staining. Cells were analyzed on a BD LSRII
or BD Fortessa flow cytometer (Becton Dickinson). Cells were sorted
using a BD Influx cell sorter. For BM analysis, bones were crushed,
lysed with ACK lysis buffer (Gibco, Thermo Fisher Scientific), and fil-
tered through a 0.22-um filter before staining. For FL analysis, livers
were isolated from E13-15 embryos, passed through a 0.22-um filter,
and lysed with ACK buffer before staining. For PB analysis, blood
obtained by submandibular bleeding was lysed twice with ACK buf-
fer before staining. Staining was performed by incubation of cells
with an antibody cocktail in FACS buffer for 30 minutes at 4°C and
washing in FACS buffer before analysis. Antibodies are listed in Sup-
plemental Table 5. All data were analyzed using Flow]o 9.6 (Tree Star
Inc.). BM and PB from select moribund mice were stained with H&E
(Vector Laboratories). Undiluted PB or BM diluted in 50 pl per femur
was smeared on slides, fixed with methanol, and stained with H&E
according to the manufacturer’s protocol.

Metabolic flux analysis. Respiratory oxygen consumption rate
was determined using a Seahorse XFe96 or XFp metabolic flux ana-
lyzer (Seahorse Bioscience). MLL-AF9 cells (1 x 10° cells per well)
or enriched HSCs (LincKit*Scal*FlIt3-, 7.5 x 10* cells per well) were
suspended in unbuffered medium, equilibrated at 37°C in a CO,-free
incubator, transferred to the Seahorse bioanalyzer, and assayed. The
Mitochondrial Stress Test (Seahorse) was used to measure the respira-
tory properties of the cells.

Measurement of ROS. Cells were suspended in 500 ul of PBS (1 x 10°
cells/ml) at room temperature with 1 ul CellROX Deep Red (Thermo
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Fisher Scientific) for 45 minutes, washed, resuspended in FACS buffer,
and analyzed by flow cytometry in the APC channel. Cells treated with
both CellROX and tert-butyl hydroperoxide were positive controls.

RNA-Seq analysis. mRNA from total RNA samples (400 ng per
sample) was enriched by poly(A) pulldown. Libraries were prepared
using TruSeq RNA prep kit (Illumina) and sequenced using Illumina
HiSeq2000 at the Columbia Genome Center. Samples were multi-
plexed in each lane. Base calling was performed using RTA (Illumina).
BCL and bcl2fastq programs were used to convert BCL to FASTQ
format, coupled with adaptor trimming. Reads were mapped to a ref-
erence genome (UCSC/mm?9) using TopHat with 4 mismatches and
10 maximum multiple hits. Binary alignment map (BAM) files were
generated by TopHat to map reads to annotated genes, and converted
to an annotated count matrix, using the Rsamtools and GenomicAlig-
nments R packages. Data were then analyzed using DESeq to obtain
differential expression analysis and principal component analysis.
Pathway analysis was performed using PANTHER, with pathway data
from the GO gene ontology database.

Statistics. Statistical analysis was performed using GraphPad
PRISM software. Primary statistical tests include 2-tailed Student’s ¢
test for single comparisons of normally distributed data, 1-way ANOVA
for multiple comparisons, Pearson’s correlation test for comparisons
of PRDM16 RPKM versus survival, and Gehan-Breslow-Wilcoxon log-
rank tests to compare survival of recipient mice after MLL-AF9 trans-
plantation. A Pvalue less than 0.05 was considered significant.

For RNA-Seq analysis, statistical P values for individual genes
were calculated from the DESeq package in R using a binomial test
accounting for size factors and intragene sample variance, and prin-
cipal component analysis was also performed with this software. An
FDR of less than 10% was used as the basis for a positive “hit.” RNA-
Seq pathway analysis was performed using the PANTHER statistical
overrepresentation test, with a Bonferroni correction for multiple
testing. Chi-squared tests were used to test whether the observed fre-
quency of selected “hits” from RNA-Seq analysis was larger than the
expected frequency.

Study approval. Experiments and animal care were performed
in accordance with the Columbia University Institutional Animal
Care and Use Committee, under the approved mouse protocol AC-
AAAM4750, under which all contributing authors are approved.
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