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Abstract

Despite evidence of chronic inflammation in myelodysplastic syndrome (MDS) and cell-intrinsic 

dysregulation of Toll-like receptor (TLR) signaling in MDS hematopoietic stem and progenitor 

cells (HSPCs), the mechanisms responsible for the competitive advantage of MDS HSPCs in an 

inflammatory milieu over normal HSPCs remain poorly defined. Here, we found that chronic 

inflammation was a determinant for the competitive advantage of MDS HSPCs and for disease 
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progression. The cell-intrinsic response of MDS HSPCs, which involves signaling through the 

noncanonical NF-kB pathway, protected these cells from chronic inflammation as compared to 

normal HSPCs. In response to inflammation, MDS HSPCs switched from canonical to 

noncanonical NF-kB signaling, a process that was dependent on TLR-TRAF6-mediated activation 

of A20. The competitive advantage of TLR-TRAF6-primed HSPCs could be restored by deletion 

of A20 or inhibition of the noncanonical NF-kB pathway. These findings uncover the mechanistic 

basis for the clonal dominance of MDS HSPCs and indicate that interfering with noncanonical 

NF-kB signaling could prevent MDS progression.

MDS arises from a mutant hematopoietic stem cell (HSC) and is defined by myeloid cell 

dysplasia and ineffective hematopoiesis1. The competitive advantage of clonally derived 

HSPCs in MDS is supported by genetic analyses of purified HSPCs, which has indicated 

that most HSCs and myeloid progenitors in MDS patients harbor cytogenetic alterations or 

mutations2,3. The expansion of the myeloid-biased HSPCs seen in humans is also observed 

in select murine models of MDS4,5. These studies indicate that MDS HSPCs acquire 

increased self-renewal and myeloid progenitor function, which may account for the clonal 

dominance and for disease progression. However, MDS HSPCs have defects in multi-

lineage differentiation, grow inefficiently ex vivo and show poor engraftment in immune-

compromised mice2,6. Moreover, most of the molecular alterations observed in MDS are not 

sufficient to explain the increase in the self-renewal potential of MDS HSPCs. Thus, 

understanding the discrepancy between the clonal dominance of MDS HSPCs and their 

functional impairment is required to improve treatment of MDS.

One possibility is that alterations in the expression of microenvironmental factors could 

favor the expansion of MDS HSPCs. A variation of this thesis would posit that 

microenvironmental factors in MDS would not be conducive for the function of normal 

HSPC, while minimally affecting the function of MDS HSPCs. In this scenario, the altered 

microenvironment would confer a relative competitive advantage to MDS HSPCs. 

Substantive evidence indicates that age- and disease-related microenvironment changes 

occur in the bone marrow (BM) niche and in the blood of MDS patients. For example, MDS 

patients exhibit increased inflammatory signaling, including elevated levels of cytokines, 

chemokines, microbial signals and alarmins7. Although inflammatory signaling is important 

for regulating the function of HSCs, chronic exposure to inflammatory signals can 

irreversibly impair HSCs8. Despite overwhelming evidence of chronic inflammation in 

MDS9, the effects of inflammatory signals on MDS HSPCs are not understood.

MDS HSPCs also exhibit dysregulated innate immune signaling converging on key 

mediators of Toll-like receptor (TLR) signaling. However, MDS-associated mutations lead 

to the activation of innate immune signaling through various mechanisms, and 

overexpression and mutations of genes involved in innate immune pathways is reported in 

over 50% of MDS patients9. In deletion (del) 5q MDS HSPCs, haploinsufficiency of 

chromosome (chr) 5q genes, such as microRNA 146a (MIR146A, hereafter miR-146a), 

results in activation of the TLR mediator TRAF6 (refs. 10–12). Activation of TRAF6 in 

HSPCs results in hematopoietic defects in mouse models5,10,13–15, suggesting that 

dysregulation of innate immune-related genes in MDS HSPCs likely contributes to the 
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pathogenesis of MDS. Here, we investigated the effects of chronic inflammation on the 

competitive advantage of MDS HSPCs. We found that unlike normal HSPCs, MDS HSPCs 

had an altered response to chronic inflammation, and that this response contributed to the 

sustained myelopoiesis of these cells and their competitive advantage compared to normal 

HSPC.

Results

MDS HSPCs exhibit cell-intrinsic and cell-extrinsic inflam- matory signaling

We chose to investigate TRAF6 as a molecular marker of cell-intrinsic innate immune 

signaling activation in MDS as dysregulated innate immune pathway activation in MDS 

HSPCs converges on TRAF6 (ref.9), TRAF6 is overexpressed in CD34+ cells from 

approximately −40% of MDS patients, compared to <15% in CD34+ cells from age-matched 

healthy individuals9, and TRAF6 overexpression correlated with worse overall survival in 

MDS (P = 0.07, Extended Data Fig. 1a). To determine whether expression of TRAF6 was 

correlated with distinct gene regulatory programs and/or molecular alterations in MDS 

HSPCs, we analyzed publicly available gene expression and genome sequencing data from 

MDS patients stratified based on the expression of TRAF6 in CD34+ cells. MDS CD34+ 

cells with high expression of TRAF6 (Z> 1.0, hereafter TRAF6hi MDS) were not 

significantly enriched for particular genetic alterations when compared to MDS CD34+ cells 

with low expression of TRAF6 (TRAF610 MDS, Z < ‒1.0) (Fig. 1a), suggesting expression 

of TRAF6 was genetically agnostic in MDS. However, CD34+TRAF6hi MDS cells had 822 

genes differentially expressed (1.5-fold, P< 0.05) when compared to CD34+TRAF610 MDS 

cells (Fig. 1a and Supplementary Table 1). Gene set enrichment analysis (GSEA) indicated 

that CD34+TRAF6hi MDS cells were enriched in inflammatory and immune-related 

signaling signatures compared to CD34+TRAF610 MDS cells (Fig. 1b). Furthermore, we 

examined the expression of inflammatory and immune-related genes in genetically defined 

subsets of MDS patients. GSEA analysis of TET2 or ASXL1 mutant CD34+ MDS cells 

stratified on TRAF6 expression revealed that TET2 or ASXL1 mutant CD34+TRAF6hi MDS 

cells were also significantly enriched in inflammatory and immune-related signaling 

signatures as compared to TET2 or ASXL1 mutant CD34+TRAF610 MDS cells (Fig. 1c). 

However, BM CD34+ cells from healthy donors did not exhibit enrichment of inflammatory 

or immune-related genes or pathway signatures when stratified based on high expression of 

TRAF6 (hypergeometric test, P = 0.45). These observations indicate that TRAF6 either 

directly mediated the expression of genes associated with inflammatory and immune-related 

signaling in MDS, or, alternatively, TRAF6hi MDS cells reflected a cell-intrinsic response to 

chronic inflammation in MDS patients.

Although TRAF6 is a critical signaling mediator downstream of various immune 

receptors16,17, it is unclear whether TRAF6 overexpression is sufficient to induce the 

expression of genes associated with inflammatory and immune-related signaling in HSPCs. 

To investigate the contribution of TRAF6 overexpression and TLR activation in MDS 

HSPCs, we used transgenic mice that overexpress TRAF6 under the control of 

hematopoietic-specific Vav regulatory elements (called Vav-TRAF6 mice hereafter)5, and in 

which the expression of TRAF6 was similar to the levels of TRAF6 overexpression observed 
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in human CD34+ MDS cells5. RNA-sequencing analysis of Lineage−Scal+c-Kit+ (LSK) cells 

from Vav-TRAF6 and wild-type (WT) mice indicated that TRAF6 overexpression did not 

induce an inflammatory state in HSPCs (Fig. 1d, Extended Data Fig. 1b,c and 

Supplementary Tables 2–4). Therefore, we next determined the response of TRAF6-

overexpressing HSPCs to low-grade inflammatory signals (Extended Data Fig. 1b). To 

mimic the inflammatory state observed in MDS patients, we used the gram-negative 

bacterial component lipopolysaccharide (LPS), a ligand for TLR4, which induces systemic 

inflammation and affects HSPC function18. In vitro treatment with 1 μgml−1 of LPS induced 

the expression of a gene signature associated with an inflammatory state in Vav-TRAF6, but 

not in WT LSKs, compared to untreated Vav-TRAF6 LSKs (Fig. 1d and Extended Data Fig. 

1c). We also deleted miR-146a, a negative regulator of TLR signaling that is frequently 

deleted in MDS, in human BM CD34+ cells (Extended Data Fig. 1d,e)11,15,19. RNA-

sequencing analysis indicated that miR146a−/−CD34+ cells did not exhibit inflammatory 

signaling at basal state when compared to normal human CD34+ cells (Fig. 1d and 

Supplementary Tables 5–8). However, treatment with LPS induced the dysregulation of 

genes associated with an inflammatory state in miR146a−/− CD34+ cells to a greater extent 

than untreated miR146a−/−CD34+ cells or LPS-stimulated CD34+ cells (Fig. 1d and 

Extended Data Fig. 1c). The inflammatory state of mouse Vav-TRAF6 LSKs or human 

miR146a−/−CD34+ cells in the presence of LPS was similar to that of CD34+TRAF6hi MDS 

cells (Fig. 1d). These findings indicate that overexpression of TRAF6 in HSPCs was 

insufficient to directly mediate the expression of inflammatory and immune-related genes, 

and also that the TRAF6hi MDS cells reflected the cell-intrinsic, TLR-TRAF6-mediated 

response to extrinsic inflammatory signals.

TLR-TRAF6-primed HSPCs outcompete WT HSPCs in low-dose-LPS conditions

Chronic exposure to LPS irreversibly damages HSC function as defined by decreased 

competitive transplantation and hematopoietic reconstitution20–23. Moreover, LPS can 

induce adaptations in HSCs and myeloid progenitor cells toward enhanced myelopoiesis24. 

To examine the relative fitness of TLR-TRAF6-primed HSPCs in an inflammatory milieu 

designed to mimic conditions in aging MDS patients, we performed in vivo BM cell 

competition assays following chronic low-dose treatment with LPS (1 μg g−1, referred to 

hereafter as LD-LPS). To avoid a differential response of CD45.2- and CD45.1-expressing 

hematopoietic cells to LPS, as reported25, we generated CD45.2 Vav-TRAF6 mice 

expressing yellow fluorescent protein (YFP) in all hematopoietic lineages (Vav-TRAF6-

YFP), which could be distinguished from CD45.2 WT (YFP−) cells (Extended Data Fig. 2a–

d). Two months after cotransfer of BM cells from Vav-TRAF6-YFP and WT mice (a one to 

one ratio) into lethally irradiated CD45.1 WT mice, chimeric mice were injected with LD-

LPS or PBS intraperitoneally (i.p.) twice a week for 30 days. PBS-treated chimeric mice had 

a relative reduction of YFP+ Vav-TRAF6 cells in the peripheral blood (PB) at day 30 (42%) 

compared to day 0 (before LD-LPS, 51%) (Fig. 2a), consistent with other models of 

increased TLR-TRAF6 signaling5,11,15. LD-LPS chimeric mice exhibited a relative increase 

of YFP+ Vav-TRAF6 in the PB at day 30 (53%) compared to 47% at day 0 (Fig. 2a). The 

proportion of YFP+ Vav-TRAF6 cells in the blood of LD-LPS mice at day 30 (53%) was 

higher compared to 42% at day 30 in PBS mice (Fig. 2a). The proportion of CD11b+ mature 

myeloid cells was higher among the YFP+ Vav-TRAF6 cells than among YFP− WT cells in 

Muto et al. Page 4

Nat Immunol. Author manuscript; available in PMC 2020 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LD-LPS mice at day 30 (Fig. 2b). YFP+ Vav-TRAF6 cells represented 51% of donor Lin−c-

Kit+ (LKs) and 58% of donor Lin−Sca-1+c-Kit+ (LSKs) in the PBS-treated mice at day 30 

(Fig. 2c,d), and 65% of LKs and 69% of LSK in LD-LPS mice at day 30 (Fig. 2c,d). These 

findings indicate that TLR-TRAF6-primed HSPCs exhibited increased myelopoeisis and had 

a competitive advantage over WT cells during chronic low-grade chronic inflammation.

To investigate the long-term consequences of LD-LPS on TLR-TRAF6-primed HSPCs as 

compared to WT HSPCs, BM cells from the chimeric mice were isolated at day 30 and 

serially transplanted into lethally irradiated CD45.1 WT mice, followed by evaluation of the 

proportions of YFP+ Vav-TRAF6 cells and YFPWT cells among B220+ B cells, CD3+ T 

cells and CD11b+ myeloid cells every month for 3 months after each of the transplantations 

(Extended Data Fig. 2a). The proportion of YFP+ Vav-TRAF6 cells derived from the PBS-

treated mice decreased from 81% at month 7 to 33% at month 9 after the tertiary BM 

transplantation (Fig. 2e). In contrast, LD-LPS mice-derived YFP+ Vav-TRAF6 cells 

maintained high frequencies in the blood of secondary (65%) and tertiary (82%) recipient 

mice (Fig. 2e), as a result of expanded CD11b+ mature myeloid and CD3+ and B220+ 

lymphoid cells compared to YFP− WT cells (Fig. 2e). Consistent with the chimerism in the 

blood, the proportion of YFP+ Vav-TRAF6 cells among LKs, LSKs and 

CD150+CD48−LSKs (HSCs) in the BM notably decreased from −50% (month 1) to 

23C-20% (month 9) relative to the −FP~ WT cells on tertiary BM transplantation of cells 

derived from PBS-treated mice (Fig. 2f,g), indicating that TLR-TRAF6-primed HSCs were 

functionally less competitive than WT HSCs in the absence of exposure to inflammation. In 

contrast, the proportion of YFP+ Vav-TRAF6 LKs, LSKs and HSCs derived from the LD-

LPS mice increased from −50% (month 1) to −95% (month 9) on tertiary BM 

transplantation (Fig. 2f,g), indicating that TLR-TRAF6-primed HSCs exhibited long-term 

competitive advantage compared to WT HSCs cells following exposure to low-grade chronic 

inflammation.

TLR-TRAF6-primed HSPCs undergo myelopoiesis in LD-LPS conditions

We further investigated the effects of chronic low-grade inflammation on the differentiation 

potential and recovery of TLR-TRAF6-primed HSPCs. Total BM cells isolated from CD45.2 

Vav-TRAF6 or CD45.2 WT mice injected i.p. with LD-LPS twice a week for 30 days were 

washed to remove residual LPS and serially transplanted every 4months with CD45.1 WT 

competitor BM cells into lethally irradiated CD45.1 WT mice (Extended Data Fig. 3a). 

Exposure to LD-LPS resulted in reduced proportion (63%) of CD45.2+ WT HSCs 

(CD150+CD48−LSKs) in the BM compared to PBS-derived CD45.2+ WT HSCs (97%) at 

month 4 of the secondary BM transplantation (Fig. 3a), consistent with previous reports22. 

By the tertiary competitive BM transplantation, the proportion of LD-LPS-derived CD45.2+ 

WT HSCs was restored to 80%, comparable to PBS-derived CD45.2+ WT HSCs (80%) at 

month 4 of the tertiary BM transplantation (Fig. 3a). LD-LPS-derived CD45.2+ Vav-TRAF6 

cells also had reduced proportions of HSCs (CD150+CD48−LSKs) in the BM (57%), 

compared to PBS-derived CD45.2+ Vav-TRAF6 HSCs (94%) at month 4 of the secondary 

BM transplantation (Fig. 3a), while the proportion of CD45.2+ HSCs was restored (82%) 

and comparable to that of PBS-derived CD45.2+ Vav-TRAF6 HSCs (89%) at the same time 

points (Fig. 3a). The frequencies of LD-LPS-derived CD45.2+ WT LKs (80%) and LSKs 
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(74%) was notably lower compared to PBS-derived CD45.2+ WT LKs (98%) and LSKs 

(97%) at month 4 of the secondary BM transplantation and remained reduced (54% for LKs 

and 66% for LSKs) after the tertiary competitive BM transplantation (Fig. 3b,c). Although 

the proportions of LD-LPS-derived CD45.2+ Vav-TRAF6 LKs (67%) and LSKs (61%) was 

significantly lower compared to PBS-derived CD45.2+ Vav-TRAF6 LKs (97%) and LSKs 

(97%) at month 4 of the secondary BM transplantation, the proportion of CD45.2+ Vav-

TRAF6 cells from LD-LPS-treated mice among the LKs and LSKs recovered (89% for LKs 

and 86% for LSKs) by the tertiary competitive BM transplantation (Fig. 3b,c). Among 

multipotent progenitors, LD-LPS-derived CD45.2+ WT Flk2−CD150+CD48+LSKs (MPP2), 

Flk2−CD150−CD48+LSKs (MPP3) and Flk2+CD150−CD48+LSKs (MPP4) had low 

frequencies after the tertiary competitive BM transplantation (Extended Data Fig. 3b). In 

contrast, LD-LPS-derived CD45.2+ Vav-TRAF6 cells showed a modest expansion of the 

myeloid-biased MPP2 and the lymphoid-biased MPP4 subsets by the tertiary competitive 

BM transplantation compared to LD-LPS-derived WT BM cells or PBS-treated Vav-TRAF6 

BM cells (Extended Data Fig. 3b). These findings indicate that HSPCs overexpressing 

TRAF6 recovered after exposure to LD-LPS, while LD-LPS-exposed WT HSPCs showed 

recovered frequencies of HSCs, but not of hematopoietic progenitor cells.

Next, we tested whether Vav-TRAF6 HSPCs exposed to chronic inflammation maintained 

durable myeloid cell production. LD-LPS-exposed CD45.2+ WT transplanted BM cells 

showed a moderate increase in the frequency of CD11b+ mature myeloid cells (42%) after 

primary competitive BM transplantation (Fig. 3d,e), followed by a decrease in frequency 

(25%) after the third competitive BM transplantation compared to PBS-treated CD45.2+ WT 

cells (32% after the primary BM transplantation and 34% after the tertiary transplantation) 

(Fig. 3d,e). In contrast, the LD-LPS-exposed CD45.2+ Vav-TRAF6 cells represented a 

higher proportion (75%) of CD11b+ mature myeloid cells after primary competitive BM 

transplantation compared to LD-LPS-exposed CD45.2 WT cells or PBS-derived Vav-

TRAF6 cells (Fig. 3d,e). Moreover, on serial competitive BM transplantation, LD-LPS-

exposed Vav-TRAF6 cells represented a higher proportion (64%) of CD11b+ myeloid cells 

in the recipient mice up to the tertiary BM transplantation (Fig. 3d,e), suggesting that 

chronic low-grade inflammation enriches for hematopoietic progenitor cells with increased 

myeloid cell production.

Inflammation activates noncanonical NF-kB in TLR- TRAF6-primed HSPCs

To identify the molecular basis for the competitive advantage of TLR-TRAF6-primed HSPC 

during low-grade inflammation, we performed RNA sequencing in Vav-TRAF6 and WT 

LSKs treated with LPS in vitro for 90 min (Fig. 4a). LPS treatment induced 166 

differentially expressed genes in Vav-TRAF6 LSKs and 204 differentially expressed genes 

in WT LSKs compared to untreated Vav-TRAF6 or WT LSKs, respectively (Supplementary 

Tables 2 and 3). The LPS-treated Vav-TRAF6 LSKs expressed genes associated with 

inflammatory states that were overwhelmingly represented by signaling through the 

transcription factor NF-kB (Fig. 4b), which is known to be implicated in loss of quiescence 

and self-renewal of HSCs in response to inflammatory signaling26–28. To validate the 

activation of NF-kB, we crossed Vav-TRAF6 and WT mice to reporter mice that express a 

green fluorescent protein (GFP) transgene under the control of three tandem KB-site binding 
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elements (cis-NF-kBEGFP)29. Vav-TRAF6 NF-kBEGFP Lin− BM cells had increased 

expression of NF-kB-GFP compared to WT NF-kBEGFP Lin− BM cells after stimulation 

with LPS (Fig. 4c), suggesting increased activation of NF-kB.

TRAF6 activates the canonical NF-kB pathway, which leads to the NEMO-IKKβ/α-

mediated activation of the transcriptional factors RelA-p50, and the noncanonical NF-kB 

pathway, which leads to the NIK-IKKα-mediated activation of RelB-p52. Although RelA-

p50 and RelB-p52 recognize similar kB-site sequences and share an overlapping set of target 

genes, they also activate distinct set of target genes in a ligand-, cell type- and promoter-

dependent manner30. Thus, we categorized the inflammatory gene signatures in the LPS-

stimulated Vav-TRAF6 and WT LSKs according to canonical and/or noncanonical NF-kB 

signaling. WT LSKs treated with LPS exhibited enrichment of the canonical NF-kB gene 

signatures only, while Vav-TRAF6 LSKs treated with LPS were enriched in noncanonical 

NF-kB gene signatures (Fig. 4b). In addition, Vav-TRAF6 c-Kit+ BM cells treated with LPS 

in vitro had increased expression of p52 and increased nuclear localization of RelB 

compared to LPS-treated WT c-Kit+ BM cells (Fig. 4d).

Next, we determined the enrichment of canonical and noncanonical NF-kB gene signatures 

in CD34+ MDS cells stratified by their expression of TRAF6. CD34+TRAF6hi MDS cells 

were significantly enriched in CD40 signaling and TNFR2 pathway (noncanonical NF-kB 

signature), but not TNFR1 pathway and IL-17 pathway (canonical NF-kB signature) 

compared to CD34+TRAF610 MDS cells (Fig. 4e). Expression of TRAF6 significantly 

correlated with expression of RelB in CD34+MDS BM cells (Fig. 4f). In addition, we 

detected an NIK-activated gene signature in LPS-stimulated Va V-TRAF6 LSK and 

miR146a−/−CD34+ cells compared to untreated WT LSK and CD34+ cells, respectively, and 

increased processing of p100-p52 in CD34+ MDS cells compared to WT cells (Extended 

Data Fig. 4), indicating these cells have increased activation of noncanonical NF-kB. 

Treatment of CD34+ MDS BM cells with a small molecule inhibitor of NIK (NIKi) 

suppressed nuclear accumulation of RelB (Fig. 4g) and inhibited progenitor colony 

formation in methylcellulose containing cytokines compared to untreated cells (Fig. 4h). In 

contrast, NIKi did not affect progenitor colony formation in normal BM CD34+ cells at the 

same or higher doses (Fig. 4h). These findings indicate that MDS HSPCs with increased 

TLR-TRAF6 priming have activated noncanonical NF-kB signaling.

TLR-TRAF6-primed HSPCs induce A20 expression during inflammation

To identify the mechanism for the shift from canonical NF-kB signaling to noncanomcai 

NF-kB signaling in TLR-TRAF6-primed HSPC, we compared the gene expression profiles 

of CD34+TRAF6hi MDS cells, LPS-stimulated human miR146a−/−CD34+ cells and LPS-

stimulated Vav-TRAF6 LSKs. Based on all differentially expressed genes in each group 

(1.5-fold, P< 0.05), four genes (CXCL1, CXCL2, CXCL3 and TNFAIP3) were expressed in 

all three types of TLR-TRAF6-primed HSPC (Fig. 5a). TNPAIP3 (which encodes A20) is a 

target of NF-kB and represses signaling through canonical NF-kB by interfering with the 

TRAF6, but can simultaneously induce signaling through noncanonical NF-kB by activating 

NIK31–33. A20 messenger RNA expression was significantly increased in CD34+TRAF6hi 

MDS cells compared to CD34+TRAF610 MDS cells (Fig. 5b). Moreover, LPS stimulation 
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resulted in a significant increase in A20 mRNA in Vav-TRAF6 LSKs and human miR146a
−/− CD34+ cells compared to LPS-treated WT LSKs and human CD34+ cells, respectively 

(Fig. 5c,d). Expression of A20 was also increased in human miR146a−/−CD34+ cells 

following treatment with PAM3CSK4 and IL-1β (Fig. 5d), suggesting that a variety of 

MDS-associated inflammatory signals can increase A20 expression in TLR-TRAF6-primed 

HSPC. In vitro stimulation with LPS increased the expression of A20 3.4-fold in Vav-

TRAF6 c-Kit+ BM cells, compared to a two-fold increase in WT c-Kit+ BM cells (Fig. 5e). 

The LPS-induced expression of A20 in Vav-TRAF6 HSPCs coincided with the nuclear 

accumulation of RelB in these cells (Fig. 5e). Expression of A20 mRNA and protein was 

increased in Vav-TRAF6 c-Kit+ BM cells compared to WT c-Kit+ BM cells after in vivo 

acute administration of LD-LPS (Fig. 5f,g). To determine whether expression of A20 

corresponded with the activation of noncanonical NF-kB in human HSPCs, we 

overexpressed TRAF6 in the TLR4-expressing human monocytic leukemia cell line THP1. 

TRAF6-overexpressing THP1 cells exhibited increased expression of A20 and a 

corresponding increase in p52 processing and nuclear RelB 3h post-LPS stimulation 

compared to vector-expressing THP1 cells stimulated with LPS (Fig. 5h). Thus, activation of 

noncanonical NF-kB correlates with expression of A20 in TLR-TRAF6-primed HSPCs.

TET2-deficient HSPCs express A20 and activate noncanonical NF-kB

We next investigated whether HSPCs in other subtypes of MDs exhibited increased 

expression ot A20 and activation ot noncanonical NF-kB. Mutations in TET2, which were 

detected in TRAF6hi MDS cells (Fig. 1a), have been linked to increased inflammatory 

signaling34. TET2 was reported to resolve inflammation by recruiting HDAC2 to inhibit the 

TRAF6-mediated expression of inflammatory cytokines35. As such, we evaluated the 

consequences of inflammation on the function of HSPCs from VavCre-Tet2f/f mice 

(hereafter Tet2−/−). BM cells isolated from CD45.2 Tet2−/− mice on day 30 after daily 

administration of LD-LPS were cotransferred with CD45.1 WT BM cells into lethally 

irradiated CD45.1 WT mice. Consistent with previous reports using acute LPS 

stimulation36, LD-LPS-exposed CD45.2+ Tet2−/− cells represented a significantly higher 

proportion of CD11b+ mature myeloid cells after 30 days postcompetitive BM 

transplantation compared to LD-LPS-exposed CD45.2+ WT cells or PBS-derived Tet2cells 

(Extended Data Fig. 5a). Moreover, LD-LPS-exposed CD45.2+ Tet2−/− HSPCs (LSKs and 

HSCs) did not decrease after LPS exposure, while during this time LD-LPS-exposed WT 

HSPCs decreased as compared to untreated WT HSPCs (Extended Data Fig. 5b), suggesting 

that TET2 deficiency resulted in increased sensitivity to TLR-TRAF6 stimulation.

To determine whether noncanonical NF-kB was activated in TET2-deficient HSPCs, we 

performed RNA sequencing on LPS-treated and untreated Tet2−/− LSKs (Supplementary 

Tables 9 and 10), and compared these gene expression changes to those observed in the 

LPS-treated group. Six genes were differentially expressed (1.5-fold, P< 0.05) in LPS-

treated Tet2−/− LSKs and Vav-TRAF6 LSKs (Fig. 6a), and A20 was among the genes 

overexpressed in both LPS-stimulated Tet2−/− LSKs and Vav-TRAF6 LSKs (Fig. 6a). LPS 

stimulation resulted in a significant increase in A20 mRNA in Tet2−/− LSKs compared to 

nonstimulated Tet2−/− LSKs and WT LSKs (Fig. 6b), and the enrichment of a gene 

expression signatures found in CD34+TRAF6hi MDS cells (Fig. 6c). LPS treatment resulted 
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in enrichment of CD40 signaling (noncanonical NF-kB) in Tet2−/− LSKs and enrichment of 

TNFR1 pathway (canonical NF-kB) in WT LSKs (Fig. 6d). Tet2−/− c-Kit+ BM cells treated 

with LPS in vitro had increased expression of A20 and p52 proteins, and increased nuclear 

localization of RelB compared to LPS-treated WT c-Kit+ BM cells (Fig. 6e). Next, we bred 

Traf6f/f and VavCre-Tet2f/f mice to delete the expression of TRAF6 in HSPCs (hereafter 

Tet2−/−Traf6−/−) (Extended Data Fig. 6). Tet2−/−Traf6−/− c-Kit+ cells did not induce the 

expression of A20 and/or nuclear localization of RelB after LPS stimulation (Fig. 6f). 

Expression of A20 mRNA and protein was also increased in c-Kit+ BM cells isolated from 

Tet2−/−mice after administration of LD-LPS compared to WT c-Kit+ BM cells (Fig. 6g,h). 

These observations indicate that TET2-deficient HSPCs were primed for TLR-TRAF6 

activation and had activated noncanonical NF-kB during low-dose inflammation.

A20 deletion suppresses noncanonical NF-kB in TLR-TRAF6- primed HSPCs

Next, we tested the requirement for A20 in the activation or noncanomcal NF-kB, myeloid-

biased hematopoiesis and competitive advantage during inflammation in TLR-TRAF6-

primed HSPCs. LPS stimulation of THP1 cells expressing short-hairpin RNAs targeting A20 

diminished the expression of p52, reduced the nuclear localization of RelB and increased the 

nuclear localization of RelA (Fig. 7a). We also bred RosaCreER A20f/w mice to Vav-TRAF6 

mice to delete A20 on tamoxifen-induced recombination (hereafter A20+/−Vav-TRAF6) 

(Extended Data Fig. 7). Similarly, c-Kit+ BM cells from A20+/−Vav-TRAF6 had near-

complete inhibition of p52 expression and the nuclear localization of RelB (Fig. 7b), 

indicating that A20 maintained signaling through noncanonical NF-kB in human and mouse 

TLR-TRAF6-primed HSPCs.

Next, we compared the effect of LD-LPS in CD45.1 WT mice reconstituted with equal 

mixes of CD45.2 UBC-GFP+ WT (WT-GFP) and CD45.2 Vav-TRAF6 or CD45.2 Vav-

TRAF6 RosaCreER A20f/w BM cells and treated with tamoxifen to delete one copy of A20 

(hereafter A20+/−Vav-TRAF6). Sixty days postengraftment and ~80 days posttamoxifen 

treatment, chimeric mice were injected i.p. with LD-LPS or PBS twice a week for 4 weeks. 

At this timepoint, we observed an increase in the relative frequency of CD45.2+GFPVav-

TRAF6 cells compared to that of CD45.2+GFP+ WT cells in the blood of chimeric mice 

treated with LD-LPS compared to PBS-treated chimeric mice (Fig. 7c). In contrast, the 

relative frequency of CD45.2+GFP− A20+/−Vav-TRAF6 cells to that of CD45.2+GFP+ WT 

cells decreased in chimeric mice treated with LD-LPS compared to those treated with PBS 

(Fig. 7c). To investigate whether reducing A20 would mitigate the myeloid-biased 

hematopoiesis induced by inflammation in TLR-TRAF6-primed HSPCs, BM cells from 

CD45.2 Vav-TRAF6, A20+/−Vav-TRAF6 or WT mice injected i.p. with LD-LPS twice a 

week for 4 weeks were transplanted together with competitor CD45.1 WT BM cells into 

lethally irradiated CD45.1 WT mice. Exposure to LD-LPS resulted in a sustained increase of 

CD45.2+CD11b+ Vav-TRAF6, but not A20+/−Vav-TRAF6 myeloid cells compared to 

CD45.2+CD11b+ WT cells (Fig. 7d). These findings indicate that the competitive advantage 

and increased myelopoiesis in TLR-TRAF6-primed HSPCs is mediated by A20 expression.

Last, to investigate whether human MDS cells required A20 for clonogenic potential, we 

used a cell line derived from an MDS patient (MDSL)37 expressing shRNAs targeting A20 
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(shA20) or scrambled shRNA control (shControl) (Fig. 7e and Extended Data Fig. 8a). 

shA20-MDSL cells had a significantly reduced clonogenic potential compared to shControl-

MDSL cells when plated into methylcellulose containing SCF, IL-3, erythropoietin and GM-

CSF (Fig. 7f and Extended Data Fig. 8b). A similar reduction in clonogenic potential was 

observed in the AML cell line THP1 following knockdown of A20 (Extended Data Fig. 

8c,d). The deubiquitin (DUB) function of A20 is primarily responsible for suppressing 

signaling through canonical NF-kB31. The E3 ligase function and ubiquitin-binding domain 

of A20 are mediated by the zinc fingers 4 and 7, respectively, which control the stability of 

RIPK1 protein and the activation of noncanonical NF-kB31. Expression of WT A20 rescued 

the progenitor function of shA20-MDSL cells in methylcellulose (Fig. 7e,f), while 

expression of A20C103S, which cannot repress canonical NF-kB, or A20ZF4/7, which cannot 

activate noncanonical NF-kB, did not restore the progenitor function of shA20-MDSL cells 

(Fig. 7e,f). These findings indicate that A20 expression in MDS progenitor cells dampened 

canonical NF-kB signaling and activated noncanonical NF-kB signaling.

Discussion

Here, we show that an inflamed environment was critical for the competitive advantage of 

MDS HSPCs and for disease progression, particularly in a cohort of MDS patients in which 

TLR-TRAF6 signaling is activated. We found that TLR-TRAF6-primed HSPCs had altered 

responses to chronic inflammation, and that these responses, which involved expression of 

A20 and signaling through the noncanonical NF-kB pathway, contributed to sustained 

myeloid expansion and endowed these cells with a competitive advantage over WT cells. 

These findings indicate that low-grade inflammation in MDS patients is a key determinant of 

the relative long-term competitiveness of the MDS HSPCs.

Unraveling the effects of systemic chronic inflammation in MDS is complicated, because 

TLRs and downstream effectors of TLR signaling are overexpressed and constitutively 

activated in MDS HSPCs of over half of MDS patients9. TRAF6, a ubiquitin ligase that 

mediates signaling from several innate immune receptors, is a central mediator of TLR 

signaling in MDS. Not only is TRAF6 mRNA overexpressed in −40% of MDS HSPCs, but 

also negative regulators of TRAF6 are deleted and/or repressed in MDS HSPCs10,11,15,38. 

Cell-intrinsic TLR-TRAF6 activation results in impaired HSPC function and attrition of 

HSCs in mouse models5,11,19,39, suggesting that activation of TLR-TRAF6 signaling alone 

is not responsible for competitive advantage of MDS HSPCs. These findings indicate that 

dysregulation of innate immune-related genes is common MDS HSPC, but that additional 

factors are required to recapitulate the range of pathogenic features of MDS.

Commonly mutated genes in MDS can co-opt the innate immune pathway in HSPCs9. TET2 

inhibits the expression of proinflammatory cytokines and interferons in immune cells, in part 

due to repression of TRAF6 signaling35,40,41. Consistent with these findings, we found that 

Tet2−/− HSPC responded to chronic inflammation by increasing myelopoiesis and activating 

noncanonical NF-kB in a manner dependent on TRAF6. Mutations in DNMT3A have been 

implicated in regulating innate immune and inflammatory signaling42,45, yet the precise 

mechanism by which they lead to increased innate immune signaling remains undetermined. 

Mutations in RNA splicing factors generate RNA isoforms that directly impact innate 
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immune signaling44–46. For example, mutations in U2AF1 result in expression of an IRAK4 

isoform that encodes a protein that associates with MyD88 and leads to activation of NF-

kB45. Because canonical NF-kB activation impairs the function of normal HSPCs, our data 

indicate that the shift from canonical to noncanonical NF-kB activation in MDS HSPCs may 

protect these cells from the consequences of an inflammatory environment. A shift in 

response to inflammatory signals has been reported in normal biological contexts. Exposure 

to perinatal alarmins induces the reprogramming of innate immune cells in newborn infants 

to protect from sepsis by using distinct TLR4 pathways. Neonatal immune cells exposed to 

alarmins are programmed to activate TRIF-dependent gene programs rather than MyD88-

dependent programs downstream of TLR4 (ref. 47). In contrast, adult innate immune cells 

use MyD88-dependent gene programs instead of TRIF-dependent programs following TLR4 

stimulation. Disruption of this critical reprogramming of TLR pathways increases the risk of 

hyperinflammation and sepsis in newborns.

Basal expression of A20, a dual-ubiquitin editing protein, is low in most cells, but its 

expression is rapidly induced on NF-kB activation. The DUB activity of A20 removes K63-

linked ubiquitin chains from TRAF6, a modification that terminates the activation of 

canonical NF-kB by TLRs. A20 also inhibits the activation of canonical NF-kB induced by 

TAK1, thus A20 suppresses NF-kB activation by multiple mechanisms. The E3 ligase 

function of A20 targets RIP1 for proteasomal degradation and prevents it from acting as a 

mediator of inflammatory and necroptosis signaling. A20 also contains a ubiquitin-binding 

domain that is implicated in activating noncanonical NF-kB signaling by dissociating 

TRAF2-TRAF3 interactions, which results in stabilization of NIK and increased expression 

of p52 (ref.31). Our studies focused on A20, however, we also observed increased expression 

of CXCL2 in Vav-TRAF6 and TET2-deficient HSPCs following LPS treatment. CXCL2 is 

also an NF-kB target gene and its increased expression may contribute to functional defects 

of myeloid cells in MDS48. Collectively, our data indicate that TLR-TRAF6-mediated A20 

expression suppresses canonical NF-kB, likely through its DUB domain, while 

simultaneously activating noncanonical NF-kB through the Ub-binding domain. Thus, 

therapies A20 or the noncanonical NF-kB pathway may increase the sensitivity of MDS 

HSPCs to the inflammatory environment and result in loss of clonal dominance.

Methods

Additional information can be found in the Nature Research Reporting Summary.

Materials

LPS (L6529) and LPS-EB Ultrapure (TLRL-PEKLPS) were purchased from Sigma and 

InvivoGen, respectively. NIK SIM1 (HY-112433) was purchased from Med Chem Express.

MDS patient and healthy control samples

BM mononuclear cells from MDS patients were obtained from the MD Anderson Cancer 

Center (G. Garcia-Manero) and University of Cincinnati (Z. Gul). The clinical parameters of 

the patients were shown in Supplementary Table 11. Healthy control BM samples were 

obtained from Translational Core Laboratory in Cincinnati Childrens Hospital Medical 
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Center under an approved Institutional Review Board protocol. The MDS patient samples 

used in this study were obtained from patients diagnosed with MDS after written informed 

consent under approval by the Institutional Review Board at the MD Anderson Cancer 

Center. The study is compliant with all relevant ethical regulations regarding research 

involving human participants.

Mice

Generation of Vav-TRAF6 mice was described in our previous study5. To distinguish 

CD45.2+ cells based on YFP expression, Vav-TRAF6 mice were crossed to mice expressing 

a Cdc42-YFP transgene that results in ubiquitous YFP expression. Tet2fl/fl mice (Jackson 

Laboratory, 017573) and Traf6fl/fl mice14 were crossed with VavCre mice (Jackson 

Laboratory, 008610). A20fl/fl mice were kindly provided by A. Ma and described 

elsewhere49. For conditional deletion of A20, A20fl/fl mice were crossed with RosaCreER 

mice. UBC-GFP mice (Jackson Laboratory, 004353) were purchased from the Jackson 

Laboratory. NF-kB-GFP reporter mice were generously provided by C. Jobin29. All mice 

were bred, housed and handled in the Association for Assessment and Accreditation of 

Laboratory Animal Care-accredited animal facility of Cincinnati Childrens Hospital Medical 

Center.

Hematological analysis

Blood counts were measured with the Genesis blood analyzer (Oxford Scientific).

BM transplantation

For noncompetitive BM transplantations, 1 × 106 CD45.2+ BM cells were transplanted into 

lethally irradiated recipient mice (CD45.1+ B6.SJLPtprcaPep3b/Boy, 6–10 weeks of age). For 

competitive transplantation, BM cells from 8-week-old recipient mice were transplanted into 

lethally irradiated recipient mice with CD45.1+ B6.SJLPtprcaPep3b/Boyr BM cells or CD45.2+ 

C57BL/6-Tg(UBC-GFP)30Scha/J BM cells. For serial transplantation, BM cells were 

collected from all recipient mice 3 months after transplantations, pooled together and then 2 

× 106 BM cells were transplanted into lethally irradiated recipient mice (CD45.1+ 

B6.SJLPtprcaPep3b/Boy, 6–10 weeks of age).

Flow cytometry

For immunophenotypic analysis of lineage positive cells, PB, BM and spleen samples were 

processed with 1× red blood cell lysis buffer, and then incubated with CD11b-PE-cy7 (25–

0112-81, eBioscience), Gr1-eFluor450 (48–5931-82, eBioscience), CD3-PE (12–0031-83, 

eBioscience) and B220-APC (17–0452-82, eBioscience). To distinguish donor from 

recipient hematopoietic cells, PB were stained with CD45.1-Brilliant Violet 510 (110741, 

BioLegend), and CD45.2-APC-eFluor780 (47–0454-82, eBioscience) or CD45.2-eFluor450 

(48–0454-82, eBioscience). For HSPC analysis, BM cells were washed and incubated for 

30min with biotin conjugated lineage markers (CD11b, Gr1, Ter119, CD3, B220, mouse 

hematopoietic lineage biotin panel (88–7774-75 eBioscience)), followed by staining with 

streptavidin eFluor780 (47–4317-82, eBioscience), Sea-1-PE (12–5981-82, eBioscience), c-

Kit-APC (17–117181, eBioscience), Flk2-PE-Cy5 (15–1351-81, eBioscience), CD150-PE-
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Cy7 (115914, BioLegend) and CD48-FITC (11–0481-85, Affymetrix) or CD48-eFluor450 

(48–0481-80, eBioscience). SLAM-HSC were identified based on expression of Lin−Sca
−1+c-Kit+CD150+CD48−. MPP2, MPP3 and MPP4 were identified based on expression of 

Lin−Sca_1+c-Kit+Flk2−CD150+CD48+, Lin−Sca−1+c-Kit+Flk2−CD150−CD48+ and Lin−Sca
−1+c-Kit+Flk2+CD150−CD48+, respectively.

Colony forming assay

CD34+ BM cells were purified from MDS BM cells using a CD34 microbeads kit (130–

046-702, Miltenyi Biotec). Seven hundred and fifty BM cells per replicate were plated in 

methylcellulose (H4434, Stemcell Technologies) containing 40 μg ml−1 of human plasma-

derived low-density lipoprotein (02698, Stemcell Technologies). Colonies were scored at 

day 14 using STEMvision (22006, Stemcell Technology) according to the manufacturer s 

protocol.

Immunoblotting

Cell extract was prepared bv lysing cells in SDS sample buffer followed by incubation with 

benzonase (70746, Millipore) on ice for 10 min. Nuclear and cytoplasmic fractionation was 

performed with Nuclear Extract Kit (40010, Active Motif) according to the manufacturers 

protocol. Samples were boiled at 95 °C for 5 min and loaded to SDS-PAGE and 

electrotransferred to nitrocellulose membranes (162–0112, Bio-Rad). Immunoblot analysis 

was performed with the following antibodies: TRAF6 (sc-7221, Santa Cruz), A20 (5630, 

Cell Signaling), NF-kB2 p100/p52 (4882, Cell Signaling), RelA/p65 (8242, Cell Signaling), 

RelB (sc-226, Santa Cruz), Vinculin (13901, Cell Signaling), glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (5174, Cell Signaling), α/β-Tubulin (2148, Cell Signaling), 

Lamin B1 (12586, Cell Signaling) and Histone H3 (abl791, Abeam). For capillary 

immunoassays, cell extracts were prepared by lysing cells in RIPA buffer. The analysis was 

performed on a JESS system (ProteinSimple) according to the manufacturers instructions 

using a 12–230kDa Separation Module (AM-PN01, ProteinSimple) and the Anti-Rabbit 

Detection Module (DM-001, ProteinSimple).

Quantitative RT-PCR

Total RNA was extracted and purified using Quick-RNA MiniPrep (Zymo Research, R1055) 

or RNeasy Micro Kit (Qiagen), and reverse transcription was carried out using Superscript 

complementary DNA Synthesis Kit (Invitrogen) or High-Capacity cDNA Reverse 

Transcription Kit (ThermoFisher). Quantitative RT-PCR was performed with Taqman Master 

Mix (Life Technologies) for murine Tnf (Mm00443260_g1), 11–6 (Mm00446190_m1), 11-

μ(3 (Mm01336189_m1), Tnfaip3/A20 (Mm00437121_m1), Gapdh (Mm99999915_g1), 

human TNFAIP3/A20 (Hs00234713_m1) and GAPDH (Hs02758991_g1). For quantitative 

RT-PCR analysis of hsa-miR-146a, RNA was extracted using Quick-RNA MiniPrep (Zymo 

research, R1055) and reverse transcription was carried out using TaqMan MicroRNA 

Reverse Transcription Kit (Applied Biosystems, 4366596). Quantitative RT-PCR was 

performed with TaqMan MicroRNA Assay for human hsa-miR-146a (000468) and human 

U18 (001204).
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Transfection

Transfections in human embryonic kidney-293T (HEK293T) cells were performed with 

TransIT-LT1 Transfection Reagent (MIR2305, Mirus) according to the manufacturers 

recommendation.

Virus infection

Doxycycline inducible knockdown of human A20 was performed with shRNAs targeting 

A20 expressed from pTRIPZ vector (RHS4696–200756146, OpenBiosystems). The 

leukemic cell lines transduced with pTRIPZ were generated by infection with the 

supernatants from transfected HEK293T cells in the presence of 4 μgml−1 of polybrene 

(sc-134220, Santa Cruz). After transduction of pTRIPZ, 1 μg of puromycin was used for 

selection. Doxycycline was used to induce knockdown of A20. Nonsilencing shRNA control 

(RHS4743) was purchased from Dharmacon. pLKO.1-puro was used for generating THP1-

shA20 leukemic cell line as previously described50. shA20 and shControl were obtained 

from viral vector core at Cincinnati Childrens Hospital Medical Center. For overexpression 

of A20 WT and mutants, MSCV-pGK-GFP vector was used as previously described26.

Single-guide RNA design and synthesis

Protospacer sequence for human miR-146a was identified using the web tool, CRISPOR 

(http://crispor.tefor.net/crispor.py)51. The targeted sequence of the genomic RNA (sg-

miR-146a) is GCTTTGAGAACTGAATTCCA. The gRNA targeting human miR-146a as 

well as non-targeting gRNA (sg-CTL) were obtained from Synthego.

Cas9-sgRNA precomplexing and transfection

To obtain Cas9-sgRNA RNPs, 45 pmol of synthetic sgRNA (sg-CTL or sg-miR-146a) was 

incubated with 20pmol of 2NLS Cas9 nuclease (Synthego) for 10 min at room temperature. 

Human CD34+ BM cells (1 × 106 cells) were electroporated in Buffer R (ThermoFisher). 

Electroporation was performed using the Neon Transfection System for three pulses at 1,600 

V for 10 ms.

RNA sequencing

Total RNA was extracted from the cells using RNeasy Plus Micro Kit (Qiagen). The initial 

amplification step for all samples was done with the NuGEN Ovation RNA-Seq System v.2. 

The assay was used to amplify RNA samples to create double-stranded cDNA. The 

concentrations were measured using the Qubit dsDNA BR assay. Libraries were then created 

for all samples using the Illumina protocol (Nextera XT DNA Sample Preparation Kit). The 

concentrations were measured using the Qubit dsDNA HS assay. The size of the libraries for 

each sample was measured using the Agilent HS DNA chip. The concentration of the pool 

was optimized to acquire at least 15–20 million reads per sample. Paired-end FASTQ files 

were aligned to hg38 (human) or mm 10 (mouse) genomes using HISAT2 (http://

www.ccb.jhu.edu/software/hisat) or Tophat (https://ccb.jhu.edu/software/tophat). Raw counts 

were calculated using featureCounts (http://subread.sourceforge.net/) and downstream 

analysis was performed with iGeak52. All RNA-sequencing data generated in this study is 

available at GSE142560.
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Publicly available data

Published microarray data of patients with MDS were obtained from Gene Expression 

Omnibus series GSE19429 and GSE58831 (refs.53,54). Mutation data of MDS patients was 

obtained from Gerstung et al.54. RNA-sequence data of HSPC with constitutive activation of 

NIK was obtained from GSE88949 (ref.54).

GSEA and hypergeometric tests

GSEA was performed as previously described55. BM CD34+ cells from patients with MDS 

were stratified based on low and high TRAF6 expression as defined by: TRAF6 high, Z > 

1.0; TRAF6 low, Z < —1.0. Differentially expressed genes (1.5-fold, P < 0.05) were 

identified in ‘TRAF6 high5 MDS CD34+ cells relative to ‘TRAF6 low’ MDS CD34+ cells (n 
= 822) (Supplementary Table 1). GSEA was then performed on 'TRAF6 high’ versus 

‘TRAF6 low’ MDS CD34+ cells. For examination of inflammatory and immune-related 

GSEA and differential gene expression changes in healthy donor BM cells, TRAF6 

(205558_at) expression from GSE58831 was stratified based on ‘TRAF6 high’ (Z > 1.0) and 

TRAF6 low’ (Z < — 1.0) expression. Using all genes (n = 530) from the inflammatory and 

immune-related GSEA pathways (Fig. 1b and Extended Data Fig. 1b), enrichment of 

differentially expressed genes in MDS (n = 159) and healthy donor cells (n = 17) was 

calculated by the hypergeomtric tests. Upregulated (two-fold, P< 0.001) genes in the 

‘TRAF6 high’ group from healthy donors' BM hematopoietic cells did not exhibit significant 

enrichment of inflammatory or immune-related gene expression or pathway signatures 

(hypergeometric test, P = 0.45) when stratified based on higher TRAF6 expression (Z >1.0). 

Using the same analysis, upregulated (two-fold, P < 0.05) genes in ‘TRAF6 high' MDS cells 

were significantly enriched in inflammatory and immune-related genes (hypergeometric test, 

P =9.0 × 10−18).

Statistical analysis

Unless otherwise specified, results are depicted as the mean ± s.d. Statistical analyses were 

performed using Students t-test. For KaplanMeier analysis, the Mantel-Cox test and 

hypergeometric test were used. GraphPad Prism (v.5, GraphPad) was used for statistical 

analysis. For correlative analyses, Spearmans rank test was used.

Reporting Summary

Further information on research design is available in the Nature Research Reporting 

Summary linked to this article.

Extended Data
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Extended Data Fig. 1 |. Inflammatory and immune pathway activation in MDS cells.
a, Survival analysis of MDS patients based on TRAF6 expression (probe: 227264_at) in 

CD34+ cells (GSE58831). Patients were stratified based on TRAF6 mRNA expression (top 

20%, n = 28; bottom 20%, n = 26). Log-rank (Mantel-Cox) test. b, Overview of 

experimental design to examine inflammatory states in MDS and human TLR-TRAF6 

primed HSPC. c, Human miR-146a deficient (miR146a−/−) and control (WT) CD34+ BM 

cells generated from healthy CD34+ BM using CRISPR-Cas9 gene editing or Vav-TRAF6 

and WT LSK BM cells were stimulated in vitro for 90 min with 1μg/mL of LPS (or PBS) (n 

= 3 each per group) and then examined for differential gene expression by RNA-sequencing. 

The inflammatory state for each group was determined using the GSEA. NES, normalized 

enrichment score. d, Expression of miR-146a in miR-146a deficient (miR146a−/−) and 

control (sg-CTL) CD34+ BM cells gene edited using CRISPR-Cas9. Results are presented as 

mean ± s.e.m. for n = 3 technical replicate samples. e, Immunoblot analysis of TRAF6 and 

IRAK1, two miR-146a targets, in miR146a−/− and control (sg-CTL) CD34+ BM cells gene 

edited using CRISPR-Cas9. Shown is an immunoblot from a single biological replicate.

Muto et al. Page 16

Nat Immunol. Author manuscript; available in PMC 2020 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 2 |. Evaluation of Vav-TRAF6-YFP and WT-YFP versus WT BM cell 
competition with LD-LPS.
a, Overview of experimental design to directly measure hematopoietic cell competition in 

the presence of low-dose chronic inflammation. Vav-TRAF6 CD45.2 BM cells (co-

expressing a YFP transgene referred to as Vav-TRAF6-YFP) and WT CD45.2 BM cells 

were transplanted in equal proportions into lethally irradiated recipient mice. Two months 

after transplantation, chimeric mice were treated with LD-LPS (1 μg/g) or vehicle twice a 

week for 30 days and then examined for hematopoietic contribution of Vav-TRAF6-YFP 

and WT cells in the PB and BM. After the last LPS treatment, BM cells were serially 

transplanted into lethally irradiated recipient mice. b, Overview of experimental design to 

directly measure hematopoietic cell competition in the presence of low-dose chronic 

inflammation. Wild-type (WT) CD45.2 BM cells (co-expressing a YFP transgene) and WT 

CD45.2 BM cells were transplanted in equal proportions into lethally irradiated recipient 

mice. Two months after transplantation, chimeric mice were treated with LD-LPS (1 μg/g) 

or vehicle twice a week for 4 weeks and then examined for hematopoietic contribution of 

WT-YFP and WT cells in the BM. c, Representative flow cytometric profiles and gating 

strategy of YFP+ (WT-YFP) cells in the BM of chimeric mice after LPS or vehicle (PBS) 

treatment. d, The proportion of YFP+ (WT-YFP) cells in LSK populations 4 weeks after 

treatment with LPS or vehicle (PBS). Data represent the mean ± s.e.m., n = 6 mice per 

group.
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Extended Data Fig. 3 |. Overexpression of TRAF6 alters the response of hematopoietic 
progenitor cells to LD-LPS.
a, Overview of experimental design to examine the long-term effects of low-dose chronic 

inflammation on hematopoiesis. Vav-TRAF6 (T6) CD45.2 BM cells or WT CD45.2 BM 

cells were isolated from mice treated with LD-LPS (1 μg/g) or vehicle twice a week for 30 

days and then transplanted with a ratio of 10:1 of CD45.1 competitor BM cells into lethally 

irradiated recipient mice. Three months after transplantation, BM cells were serially 

transplanted into lethally irradiated recipient mice. b, The proportion of donor-derived 

CD45.2+ cells in MPP2 (Flk2−CD150+CD48+LSK), MPP3 (Flk2−CD150−CD48+LSK), and 

MPP4 (Flk2+CD150−CD48+LSK) after tertiary transplantation. Results are presented as 

mean ± s.e.m. for n = 3 mice per group. Statistical analysis was performed by a two-tailed 

Studenťs t-test. *, P < 0.05.
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Extended Data Fig. 4 |. TLR-TRAF6 primed HSPC exhibit expression of non-canonical NF-kB 
gene signatures.
a, Normalized enrichment scores (NES) and P value of gene signatures established from WT 

and Vav-TRAF6 LSK stimulated with LPS evaluated in constitutively active (ca) NIK 

expressing LSK (GSE88949). b, GSEA plots established from caNIK LSK were evaluated 

in miR-146a deficient (miR146a−/−) CD34+ BM cells gene edited using CRISPR-Cas9 and 

then stimulated with 1 μg/mL of LPS (or PBS) for 90 min. The gene expression profiles are 

relative to unstimulated miR146a−/− CD34+ BM and control (sg-CTL) (+/- LPS). (c) 

Capillary immunoassay of CD34+ cells isolated from healthy controls or MDS BM 

visualized by chemiluminescence using ProteinSimple. Shown is an immunoassay from a 

single biological replicate.
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Extended Data Fig. 5 |. TET2 deficiency in hematopoietic cells results in increased myeloid-
biased hematopoiesis without affecting the proportions of HSC after LD-LPS.
a, Overview of experimental design to examine the effects of low-dose chronic inflammation 

on hematopoiesis. Tet2f/f VavCre CD45.2 BM cells (Tet2−/−) or Tet2f/f (WT) CD45.2 BM 

cells were isolated from mice treated with LD-LPS (1 μg/g) or vehicle twice a week for 4 

weeks and then transplanted into lethally irradiated recipient mice (along with CD45.1 

competitor BM cells). One month after transplantation, PB and BM cells were evaluated by 

flow cytometry. b, The proportion of donor-derived CD45.2+ myeloid (CD11b+) and 

lymphoid (B220+ and CD3+) cells in the PB (n = 6 mice per group). * P = 0.02. c, The 

proportion of donor-derived CD45.2+ LSK and LT-HSC in the BM of mice after treatment 

with LD-LPS. Results are presented as mean ± s.e.m., n = 6 for all groups; n = 3 for WT 

LPS treated group. * P = 0.03. Statistical analysis in b was performed by a two-tailed 

Studenťs t-test. Statistical analysis in c was performed by a one-tailed Studenťs t-test.
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Extended Data Fig. 6 |. Generation of Traf6- and Tet2-deficient mice.
Genotyping analysis of Tet2−/− VavCre and Traf6−/− Tet2−/− VavCre mice.
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Extended Data Fig. 7 |. Generation of Vav-TRAF6 and A20-deficient mice.
Genotyping analysis of Vav-TRAF6 RosaCreER and A20−/− Vav-TRAF6 RosaCreER mice. 

A20 floxed allele recombination is shown after Tamoxifen treatment.

Muto et al. Page 22

Nat Immunol. Author manuscript; available in PMC 2020 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 8 |. A20 knockdown impairs MDSL and THP1 cell function.
a, Immunoblotting of MDSL cells expressing independent shRNAs targeting A20 (shA20) 

or non-targeting shRNA (shControl). Shown is an immunoblot from a single biological 

replicate. b, Colony forming potential of MDSL cells expressing shRNAs targeting A20 

(shA20) or non-targeting shRNA (shControl) in methylcellulose. Results are presented as 

mean ±s.e.m., for n = 3 independent biological replicates, * P = 0.006, ** P = 0.0004. c, 

Immunoblotting of THP1 cells expressing an shRNA targeting A20 (shA20) or non-

targeting shRNA (shControl). Shown is an immunoblot from a single biological replicate. d, 

Colony forming potential of THP1 cells expressing shRNAs targeting A20 or non-targeting 

shRNA (shControl) in methylcellulose. Results are presented as mean± s.e.m., for n = 3 

independent biological replicates. *, P = 0.0001. Statistical analysis in b,d was performed by 

a two-tailed Studenťs t-test.
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Fig. 1 |. MDS HSPC are associated with inflammatory states.
a, Heatmap of all differentially expressed genes in CD34+ MDS BM cells (GSE58831,1.5-

fold, P<0.05), stratified based on high (n = 28, Z=> 1.0) and low (n = 18, Z<-1.0) TRAF6 

expression. Each row represents individual genes arranged by semiunsupervised clustering 

analysis based on the Z score (see Supplementary Table 1). Columns represent individual 

MDS patients. Reoccurring somatic mutations and cytogenetic alterations in the MDS 

patient samples are shown by black bars at the bottom. Gray bars indicate no available data. 

b, GSEA gene signatures from 'TRAF6 high' (TRAF6hi) CD34+ MDS cells as compared to 

'TRAF6 low' (TRAF610) CD34+ MDS cells. c, GSEA gene signatures from TET2 or 

ASXL1 mutant CD34+TRAF6hi MDS cells as compared to CD34+TRAF610 MDS cells. d, 

RNA sequencing of human miR146a−/− and WT CD34+ BM cells or Vav-TRAF6 and WT 

LSK BM cells were stimulated in vitro for 90 min with 1 γg ml−1 of LPS (or PBS) (see 

Supplementary Tables 2–8). Results are presented as mean ±s.e.m., for n = 3 independently 

treated samples. The inflammatory state for each group was determined using the GSEA 

profiles established from CD34+TRAF6hi MDS cells. The indicated inflammatory gene 

signatures are arranged by P value (logl0).
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Fig. 2 |. TLR-TRAF6-primed HSPCs outcompete WT HSPCs with LD-LPS.
a, Left panel, representative flow cytometric profiles of YFP+ (Vav-TRAF6-YFP) cells in 

the PB of chimeric mice before and after LPS or vehicle (PBS) treatment. Right panel, the 

proportion of YFP+ (Vav-TRAF6-YFP) cells relative to YFP− (WT) cells before and after 

LPS or vehicle (PBS) treatment. Data represent the mean±s.e.m., n = 6 mice per group (*P< 

0.05, **P< 0.0001). b, The proportion of myeloid (CD11b+) and lymphoid (CD3+ and 

B220+) YFP− (WT) and YFP+ (Vav-TRAF6-YFP) cells in the PB after LPS or vehicle 

(PBS) treatment. Data represent the mean±s.e.m., n = 6 mice per group. (*P< 0.05). c, The 

proportion of YFP+ (Vav-TRAF6-YFP) cells in LK and LSK populations 30 days after 

treatment with LPS or vehicle (PBS). Data represent the mean±s.e.m., n = 6 mice per group 

(*P< 0.05, **P< 0.01). d, Pie charts indicating the relative and absolute frequency of each 

population (LK and LSK) in the mice treated with LD-LPS as compared to the mice treated 

with PBS. Data represent the mean, n = 6 mice per group. e, Chimerism of YFP+ (Vav-

TRAF6-YFP) cells in all CD45.2+ (left panel), myeloid (CD11b+, middle panel) and 

lymphoid (B220+ and CD3+, right panel) in the PB at the indicated time points. Gray bar 

indicates in vivo LD-LPS treatment. Data represent the mean±s.e.m., n = 5 mice per group 

(*P = 0.05). f, Representative flow cytometric profiles of YFP+ (Vav-TRAF6-YFP) cells in 

HSC at 12 weeks after primary (upper panel) and tertiary transplantation (lower panel). g, 

Chimerism of YFP+ (Vav-TRAF6-YFP) cells in LK, LSK and HSC in the BM at the 

indicated time points. Gray bar indicates in vivo LPS treatment. Data represent the mean

±s.e.m., n = 5 mice per group (*P< 0.05). Statistical analysis in a,c,e,g was performed by a 

two-tailed Studenťs t-test.
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Fig. 3 |. Overexpression of TRAF6 alters the response of hematopoietic cells to LD-LPS.
a, Proportion of donor-derived CD45.2+ cells in HSC cells after primary, secondary and 

tertiary transplantation. Error bars indicate s.e.m. for n = 5 mice per group. b, Proportion of 

donor-derived CD45.2+ cells in LK and LSK cells after primary, secondary and tertiary 

transplantation. Data represent the mean ± s.e.m., n = 5 mice per group (*P< 0.05). c, 

Representative flow cytometric analysis of CD45.2 proportions in LK and LSK cells at 12 

weeks after tertiary transplantation. d, Representative flow cytometric profiles of CD11b+ 

myeloid cells in CD45.2+ PB at 4weeks post transplantation. e, Proportion of myeloid 

(CD11b+) cells in the donor-derived compartment (gated on CD45.2+) after primary, 

secondary and tertiary transplantation. Data represent the mean ± s.e.m., n = 5 mice per 

group (*P< 0.05). Statistical analysis in b,e was performed by a one-tailed Studenťs t-test.
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Fig. 4 |. LD-LPS stimulation of TLR-TRAF6-primed HSPC results in noncanonical NF-kB 
signaling.
a, Heatmap of differentially expressed genes in WT or Vav-TRAF6 LSK cells treated with 

LPS or PBS (1.5-fold, P< 0.05, n = 3 per group). b, TOPP gene analysis of the top ten 

enriched pathways in WT and Vav-TRAF6 LSK cells treated with LPS as compared to WT 

or Vav-TRAF6 control, respectively. c, Mean fluorescence intensity (MFI) of GFP in Lin− 

BM cells from WT (WT-NF-kB-GFP) and Vav-TRAF6 (Vav-TRAF6-NF-kB-GFP) NF-kB-

GFP reporter mice treated in vitro with LPS (1 μgml−1). Results are presented as mean

±s.e.m., for n = 3 independently treated samples (*P< 0.05). d, Immunoblotting of c-Kit+ 

BM whole cell lysates (WCL) and nuclear extracts (NEs) isolated from WT or Vav-TRAF6 

mice after treatment with LPS (1 μgml−1). Shown is a representative blot from two 

independent replicates. e, GSEA plots for noncanonical NF-kB (upper panel) and canonical 

NF-kB (lower panel) pathways in CD34+TRAF6hi MDS BM cells as compared to 

CD34+TRAF610 MDS BM cells. f, Regression analysis between RELB and TRAF6 mRNA 

expression in CD34+ MDS BM cells (R = 0.44; P=6×l0−10). g, Immunoblotting of nuclear 

extracts from THP1 cells treated with LPS (100 ng ml−1) and/or NIK inhibitor (NIKi). 

Shown is a representative blot from two independent replicates. h, CD34+ del(5q) MDS BM 

and normal CD34+ BM cells treated with NIKi were evaluated for colony formation in 

methylcellulose. Results are presented as mean±s.e.m., for n = 3 independent technical 
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replicates(*P<0.05, **P< 0.01). Statistical analysis in c,h was performed by a two-tailed 

Studenťs t-test.
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Fig. 5 |. Noncanonical NF-kB activation correlates with A20 expression in TLR-TRAF6 primed 
HSPCs.
a, Venn diagram of upregulated genes (1.5-fold, P<0.0.5) in CD34+TRAF6hi MDS BM cells 

(relative to CD34+TRAF610 MDS BM), LPS-stimulated miR146a−/− human CD34+ BM 

(relative to miR146a−/− human CD34+ BM treated with PBS and normal CD34+ BM±LPS) 

and LPS-stimulated Vav-TRAF6 LSK cells (relative to Vav-TRAF6 LSK treated with PBS 

and WT LSK±LPS). b, A20 mRNA expression in TRAF6hi and TRAF610 CD34+ MDS BM 

cells (GSE19429) (***P<0.001). c, A20 mRNA expression in WT and Vav-TRAF6 LSK 

cells treated with either PBS or LPS (1μgml−1) for 90 min, as determined by RNA 

sequencing. Results are presented as mean±s.e.m., for n = 3 independently treated samples 

(*P< 0.05). d, A20 mRNA expression in WT and miR146a−/− human CD34+ BM cells 

treated with PBS, Pam3CSK4 (1μgml−1), IL-1β (10 ngml−1) or LPS (1μgml−1) for 90 min. 

Results are presented as mean±s.e.m., for n = 3 independent biological replicates 

(**P<0.01). e, Immunoblot analysis of A20 and Relb in whole cell lysates (WCL) and 

nuclear extracts (NEs) from WT and Vav-TRAF6 c-Kit+ BM cells after LPS treatment 

(1μgml−1). f, A20 mRNA expression in c-Kit+ BM cells from WT and Vav-TRAF6 mice 

treated with LD-LPS (1μg g−1) or vehicle for 16 h. Error bars indicate s.e.m. for n = 3 

technical replicates from individual mice (*P<0.05). g, Immunoblot analysis of WT and 

Vav-TRAF6 c-Kit+ BM cells from WT and Vav-TRAF6 mice treated with LD-LPS (1μg g
−1) or vehicle twice a week for 30 days. Shown below is the relative expression of the 

indicated proteins. The immunoblot is from three pooled mice per group performed as a 

single replicate. h, Immunoblotting of THP1 cells expressing TRAF6 or empty vector 
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treated with LPS (100 ng ml−1). Shown is a representative blot from two independent 

replicates. Statistical analysis in b-d,f was performed by a two-tailed Studenťs t-test. NS, 

nonsignificant.
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Fig. 6 |. A20 expression and noncanonical NF-kB activation occurs in TET2-deficient HSPC.
a, Venn diagram of upregulated genes (1.5-fold, P< 0.0.5) in LPS-stimulated Tet2−/− LSK 

(relative to Tet2−/− LSK with PBS and Tet2fl/fl LSK±LPS), and LPS-stimulated Vav-TRAF6 

LSK cells (relative to Vav-TRAF6 LSK treated with PBS and WT LSK ± LPS). b, A20 

mRNA expression in Tet2fl/fl and Tet2fl/flVavCre LSK cells treated with either PBS or LPS 

(1 μgml−1) for 90 min was determined by RNA sequencing. Results are presented as mean

±s.e.m., for n = 3 independently treated samples (*P< 0.05, **P<0.01). c, Enrichment 

analysis of upregulated genes from CD34+TRAF6hi MDS BM cells in Tet2fl/fl LSK (WT) or 

Tet2fl/fl VavCre LSK (Tet2−/−) treated with LPS (1.5-fold, P< 0.05). d, Enrichment analysis 

of upregulated genes from canonical (CD40 signaling, NES = 1.56, P = 0.02) and 

noncanonical (TNFR pathway) NF-kB signaling in Tet2fl/fl LSK (WT) or Tet2fl/fl VavCre 

LSK (Tet2−/−) treated with LPS (1.5-fold. P<0.05). e, Immunoblotting of c-Kit+ BM cells 

isolated from Tet2fl/fl (WT) or Tet2fl/fl VavCre (Tet2−/−) mice stimulated with LPS (1 μgml
−1). Shown is a representative blot from two independent replicates. Below is the relative 

expression of the indicated proteins. f, Immunoblotting of c-Kit+ BM cells isolated from 

Tet2fl/flTraf6fl/fl VavCre (Tet2−/−Traf6−/−) or Tet2fl/fl VavCre (Tet2−/−) mice stimulated with 

LPS (1 μgml−1). Below is the relative expression of the indicated proteins. g, A20 mRNA 

expression in Tet2fl/fl or Tet2fl/flVavCre (Tet2) c-Kit+ BM cells after 16 h of in vivo LPS (1 

μg g−1) treatment. Results are presented as mean±s.e.m., for n = 3 independent replicates, 

**P< 0.001. h, Immunoblot analysis of A20 in Tet2fl/fl and Tet2fl/flVavCre c-kit+ BM cells 
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after 30 days of in vivo LPS (1 μg g−1) treatment. The immunoblot is from three pooled 

mice per group performed as a single replicate. Below is the relative expression of the 

indicated proteins. Statistical analysis in b was performed by a one-tailed Studenťs t-test. 

Statistical analysis in g was performed by a two-tailed Studenťs t-test.
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Fig. 7 |. Deletion of A20 prevents noncanonical NF-kB signaling and rescues the competitive 
advantage of TLR-TRAF6-primed HSPCs during LD-LPS.
a, Immunoblotting of THP1 cells expressing shA20 or non-targeting shRNA (shControl) 

treated with LPS (100 ng ml−1). Shown is a representative blot from two independent 

replicates. b, Immunoblotting of c-Kit+ BM isolated from WT, Vav-TRAF6 RosaCreER and 

A20+/− Vav-TRAF6 RosaCreER mice treated with LPS (1 μgml−1). Shown is a 

representative blot from two independent replicates. Below is the relative expression of the 

indicated proteins. c, The proportion of PB GFP− cells in chimeric mice with Vav-TRAF6 

RosaCreER or A20+/− Vav-TRAF6 RosaCreER BM cells and WT CD45.2 BM cells 

(expressing a UBC-GFP transgene, hereafter WT-GFP) after 4 weeks of twice a week 

treatment with LD-LPS (1 μg g−1) or vehicle. The data shown are after the last LD-LPS 

treatment as normalized values to each PBS control. Data represent the mean ± s.e.m., n = 5 

mice per group, *P< 0.05. d, Percentage of myeloid (CD11b+) cells in donor-derived 

CD45.2 PB cells was determined at 4 weeks postcompetitive transplantation of CD45.2 WT, 

Vav-TRAF6 RosaCreER and A20+/− Vav-TRAF6 RosaCreER BM cells isolated from mice 

treated with LD-LPS (1 μg g−1) or vehicle twice a week for 4 weeks along with CD45.1 

competitor BM cells. Data represent the mean ± s.e.m., n = 4 mice per group, *P< 0.05. e, 

Immunoblotting of MDSL cells expressing shA20 or non-targeting shRNA (shControl) and 

cDNAs expressing WT or mutant A20. Shown is an immunoblot from a single biological 

replicate. f, Colony forming potential of MDSL cells expressing shA20 or non-targeting 

shRNA (shControl) in methylcellulose. Results are presented as mean ±s.d., for n = 3 

independent samples. *P< 0.05. Statistical analysis in c was performed by a one-tailed 
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Studenťs t-test. NS, nonsignificant. Statistical analysis in d,f was performed by a two-tailed 

Studenťs t-test.
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