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Blood cell formation must be appropriately maintained throughout
life to provide robust immune function, hemostasis, and oxygen
delivery to tissues, and to prevent disorders that result from over- or
underproduction of critical lineages. Persistent inflammation dereg-
ulates hematopoiesis by damaging hematopoietic stem and pro-
genitor cells (HSPCs), leading to elevated myeloid cell output and
eventual bone marrow failure. Nonetheless, antiinflammatory mech-
anisms that protect the hematopoietic system are understudied. The
transcriptional regulator STAT3 has myriad roles in HSPC-derived
populations and nonhematopoietic tissues, including a potent anti-
inflammatory function in differentiated myeloid cells. STAT3 antiin-
flammatory activity is facilitated by STAT3-mediated transcriptional
repression of Ube2n, which encodes the E2 ubiquitin-conjugating
enzyme Ubc13 involved in proinflammatory signaling. Here we dem-
onstrate a crucial role for STAT3 antiinflammatory activity in preser-
vation of HSPCs and lineage-balanced hematopoiesis. Conditional
Stat3 removal from the hematopoietic system led to depletion of
the bone marrow lineage™ Sca-1* c-Kit* CD150" CD48~ HSPC subset
(LSK CD150* CD48~ cells), myeloid-skewed hematopoiesis, and ac-
crual of DNA damage in HSPCs. These responses were accompanied
by intrinsic transcriptional alterations in HSPCs, including deregula-
tion of inflammatory, survival and developmental pathways. Con-
comitant Ube2n/Ubc13 deletion from Stat3-deficient hematopoietic
cells enabled lineage-balanced hematopoiesis, mitigated depletion
of bone marrow LSK CD150* CD48" cells, alleviated HSPC DNA
damage, and corrected a majority of aberrant transcriptional re-
sponses. These results indicate an intrinsic protective role for STAT3
in the hematopoietic system, and suggest that this is mediated by
STAT3-dependent restraint of excessive proinflammatory signaling via
Ubc13 modulation.

STAT3 | hematopoiesis | inflammation | Ubc13

ematopoietic stem cells (HSCs) and multipotent progenitors

(collectively termed HSPCs) generate the full repertoire of
myeloid and lymphoid populations in homeostasis, and respond
to physiological stress, such as infection, by tailoring a hemato-
poietic response needed to resolve the insult. Hence, under-
standing mechanisms that preserve HSPC function is important
for insight into the dynamic nature and long-term maintenance of
the hematopoietic system. Recent work has shown that inflam-
matory cytokines produced during bacterial or viral infections
transiently influence HSPC activity, while persistent inflammation
degrades HSPCs and can lead to failure of hematopoiesis (1-5).
During chronic inflammation, HSPCs show increased proliferation,
accumulation of DNA damage, myeloid-skewing, and impaired
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repopulating activity (5-9). Chronic inflammation and genetic de-
regulation of inflammatory mediators is also associated with myelo-
dysplastic syndrome and acute myeloid leukemia in humans (10-16).
Furthermore, it is increasingly clear that certain cancers remodel
hematopoiesis via tumor-derived inflammatory factors, with delete-
rious effects on tumor immunity (17-19). Despite clear links between
inflammation, HSPC injury, and hematopoietic imbalance, there is
little understanding of underlying molecular pathways or pro-
tective mechanisms that mitigate inflammation-induced damage.
The transcriptional regulator STAT3 is a critical signaling
intermediate for multiple cytokines and growth factors; studies in
animal models have delineated important biological activities of
STAT3 in many immune populations and nonimmune tissues
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(20-22). Moreover, aberrant STAT3 activity promotes diseases,
such as cancer or immune deregulation. For example, loss-of-
function (LOF) or gain-of-function (GOF) STAT3 mutations in
humans associate with immunodeficiency or autoimmunity, re-
spectively (23-26), while persistent STAT3 signaling is a feature
of malignant cell growth as well as tumor-mediated immune
suppression (27, 28). Although STAT3 therapeutics are under
development (29, 30), further work is necessary to understand
fundamental roles of STAT3 in vivo and thus provide new ap-
proaches to manage diseases with STAT3 mutations, as well as
cancers and inflammatory disorders associated with sustained
STATS3 activation.

In the process of hematopoiesis, STAT3 controls proliferation
of defined progenitor subsets in response to cytokines that rely
on this factor as a principal signal transducer. For example,
STATS3 is required for granulocyte-colony stimulating-factor (G-
CSF) —dependent proliferation of granulocyte-monocyte pro-
genitors (GMPs), and Fms-related tyrosine kinase 3 ligand
(Flt3L)-mediated growth of FIt3* dendritic cell progenitors (31,
32). The repopulating function of total bone marrow or fetal liver
cells also requires transcriptionally active STAT3 (33, 34);
transplantation of Staz3-deficient bone marrow cells leads to
myeloid-skewed hematopoiesis and peripheral myeloid accumu-
lation (35). Moreover, recent work indicated that homeostatic
maintenance of HSPCs is dependent upon functional STAT3.
Mice with hematopoietic and endothelial Stat3 deletion show
reduced amounts of CD34~ lineage™ (lin~) Sca-1" ¢-Kit™" cells in
bone marrow (36); this phenotypically defined subset includes
long-term repopulating HSCs. Consistently, the total bone mar-
row population from these animals showed defective repopu-
lating activity in lethally irradiated recipients (36). These studies
indicate STAT3 is important for maintaining HSPC amounts,
bone marrow reconstitution, and lineage-balanced hematopoie-
sis, yet the underlying mechanisms by which these functions are
accomplished remain unresolved.

In contrast, experiments with mature myeloid cells revealed a
potent antiinflammatory role for STAT3. This function is demon-
strated by STAT3-mediated restraint of Toll-like receptor 4 (TLR4)
-induced proinflammatory cytokine and chemokine gene expression
(37-40). Myeloid cells lacking STAT3 have elevated TLR4 signal-
ing, culminating in overproduction of proinflammatory factors, such
as TNF-o and IFN-y. The hyperactive myeloid response drives a
lethal type I inflammatory disease in mice with STAT3-deficiency in
hematopoietic and endothelial cells, or the myeloid lineages, by
early adulthood (35, 37, 41). STAT3 LOF mutations in humans are
accompanied by disordered inflammation, suggesting that STAT3
antiinflammatory function is conserved (23, 42). Recently, we found
STATS3 restrains proinflammatory signals by acting as a transcrip-
tional repressor on Ube2n, which encodes Ubc13, a key component
of TLR signaling cascades leading to proinflammatory cytokine
gene activation (40, 43). Myeloid cells with Stat3-deficiency accu-
mulate Ubcl3 due to failure to suppress Ube2n transcription, and
elevated Ubcl3 protein is necessary for inducing excessive proin-
flammatory gene-expression responses in Stat3-deficient cells upon
TLR4 ligation (40). While these data indicate that the molecular
basis of the STAT3 antiinflammatory response is mediated by
modulation of Ubcl3, the impact of this signaling pathway in
vivo remains unclear.

Collectively, prior work has linked inflammation with HSPC
deregulation. Previous studies have also indicated key associa-
tions between STAT3 and inflammation restraint, as well as
STAT3 and hematopoietic function. Nonetheless, it remains
unclear whether hematopoietic-intrinsic STAT3 function and
STATS3 antiinflammatory activity are important in hematopoie-
sis. In this study, we use several genetic models and transcrip-
tional profiling of HSPCs to examine the role of STAT3 in
protection of hematopoiesis.
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Results

HSPC Failure in Tie2 Cre Stat3” Mice. Prior studies examining STAT3
function in hematopoiesis showed defective repopulating activity
of total bone marrow from animals with Stat3-deficiency (Tie2 cre
Stat3" mice) (36). Nonetheless, it remained unclear whether im-
paired repopulation was a consequence of fewer HSPCs or de-
fective HSPC function, because HSPC amounts were reduced in
these animals (36). Using a distinct phenotypic analysis for HSPCs,
we found a substantial reduction in the absolute number and
proportion of LSK CD150* CD48™ cells, a population enriched
for long-term repopulating HSCs (44), within Tie2 cre Stat3” mice
versus controls (Fig. 1 4 and B; see Fig. S1 4 and B for gating and
analysis strategies). We next tested whether the LSK CD150*
CD48™ cells remaining in Tie2 cre Stat3” mice were functional by
performing transplantation experiments. Using FACS, we purified
200 LSK CD150* CD48" cells from Tie2 cre Stat3” mice or
controls (both CD45.2%), and transferred these cells into lethally
irradiated congenic CD45.1* recipients in conjunction with a ra-
dioprotective dose of recipient bone marrow (Fig. 1C). By trans-
planting similar numbers of purified HSPCs from each genotype,
we were able to circumvent defects in their amounts and track
their function directly via reconstitution of CD45.2* cells in pe-
ripheral blood. These assays revealed a marked inability of LSK
CD150% CD48™ cells from Tie2 cre Stat3” mice to reconstitute
hematopoiesis, as judged by an almost complete failure to repo-
pulate peripheral blood (Fig. 1D). These data indicate that
STAT3 is critical for maintaining HSPC numbers and HSPC
repopulating function in vivo.

To probe mechanisms leading to the HSPC functional defect,
we examined cell cycle status. Infrequent cell cycling, or a quies-
cent state, is critical for long-term HSC activity, multilineage
hematopoiesis, and protection from exhaustion (45, 46). We de-
tected a significant increase in the K67+ Hoechst' (G1) pop-
ulation within the bone marrow LSK CD150* CD48~ subset and
the total LSK fraction of Tie2 cre Star3” mice, relative to Stat3-
sufficient controls. This was accompanied by a corresponding
decrease in the K;67~ Hoechst'® (GO0) subset (Fig. 2 A-D). These
data show a greater percentage of Stat3-deficient LSK CD150*
CD48™ cells and LSKs are in G1 vs. GO, implying increased
cell cycling. Significantly, previous work has demonstrated LSK
amounts are either increased or unaffected in Tie2 cre Stat3” mice
(31, 36), suggesting augmented cell cycle activity selectively im-
pacts maintenance of the LSK CD150* CD48~ subset.
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Fig. 1. Abundance and function of HSPCs in Tie2 cre Stat3" mice. (A and B)
Mean values of cumulative LSK CD150" CD48~ cell numbers (A) and fre-
quencies (within LSK compartment) (B) in Tie2 cre Stat3”" (yellow bars) and
Stat3-sufficient controls (blue bars). n = 4 per genotype, four independent
experiments. (C) Schematic of transplantation assay using purified donor
LSK CD150" CD48" cells. (D) Hematopoietic reconstitution activity of donor
LSK CD150*" CD48™ cells, assessed by measuring the abundance of circulating
CD45.2% cells at 4-wk intervals (4-12 wk) after transplantation. Data repre-
sent mean values of n = 10 per genotype, two independent experiments. (4,
B, and D) Data were analyzed by Student’s t test (A and B), or two-way
ANOVA with multiple comparisons, comparing control and Tie2 cre Stat3"
at each time point (D). *P < 0.05; **P < 0.01; ***P < 0.001 for indicated
comparisons. Error bars indicate SEM.

Zhang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713889115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1713889115

L T

/

D\

Excessive proliferation has been linked with accumulation of
DNA damage in HSPCs (8). Consistently, LSKs from Tie2 cre
Stat3"’ mice exhibited increased DNA damage, as judged by el-
evated amounts of phosphorylated H2AX (yYH2AX) compared
with controls (Fig. 2 E and F). These results were confirmed by
alkaline comet assays (Fig. 2G and Fig. S1C). A trend toward
increased YH2AX was also found in LSK CD150" CD48™ cells
from Tie2 cre Stat3" mice, although this did not reach statistical
significance (Fig. S1 D and E). Collectively, the observations of
increased cell cycling and DNA damage suggested severe injuries
within the Stat3-deficient LSK compartment, as well as the few
LSK CD150" CD48~ HSPCs remaining in Tie2 cre Staz3” mice.

Functional HSPCs in Mice with Myeloid-Restricted Stat3-Deficiency.
Tie2 cre Stat3” mice lack STAT3 throughout all stages of hema-
topoietic development. By 4-6 wk of age, these animals exhibit
enterocolitis, increased blood and tissue-infiltrating myeloid cells,
myeloid hyperreactivity to TLR2/4 agonists, and elevated periph-
eral type I proinflammatory cytokines (e.g., TNF-a, IFN-y), caus-
ing lethality in young adulthood (35, 41). Furthermore, the Tie2
cre transgene mediates deletion of floxed alleles in endothelial
cells (47), which comprise an important HSC niche population (48,
49). Thus, the HSPC defects observed in Tie2 cre Star3” mice
could result from peripheral inflammatory disease, deficiencies in
the bone marrow niche, an intrinsic requirement for STAT3 in
HSPCs, or a combination of these effects. Therefore, we utilized
distinct animal models to delineate STAT3 roles in hematopoiesis.

To distinguish between peripheral inflammatory disease
driven by Stat3-deficiency and an intrinsic role for STAT3 in
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Fig.2. Phenotype of HSPCs in Tie2 cre Stat3™ mice. (A-D) Representative (A
and C) and cumulative mean values (B and D) from cell cycle analysis of LSK
CD150* CD48™ cells (A and B) and LSKs (C and D) in Tie2 cre Stat3™ (yellow
bars) and Stat3-sufficient mice (blue bars), as indicated. n = 3 per genotype,
three independent experiments. (E) Representative results showing yH2AX
abundance in LSKs from Tie2 cre Stat3” and Stat3-sufficient mice. Results
represent one of three independent experiments. (F) Cumulative results of
YH2AX analysis of LSKs from Tie2 cre Stat3™ and Stat3-sufficient mice. Data
are shown as means of mean fluorescence intensity (MFI); Tie2 cre Stat3™ results
normalized to Stat3-sufficient control. n = 3 per genotype, three independent
experiments. (G) Cumulative results of alkaline comet assay analysis of LSKs
purified from Tie2 cre Stat3” and Stat3-sufficient mice. More than 100 cells
analyzed per genotype, n = 2 per genotype, representative of two independent
experiments. (B, D, F, and G) Data were analyzed by Student'’s t test, comparing
control and Tie2 cre Stat3”. *P < 0.05; **P < 0.01; ***P < 0.001; ****p <
0.0001 for indicated comparisons. Error bars indicate SEM.
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HSPCs, we employed the LysM cre Stat3” model. These animals
develop an inflammatory syndrome similar to Tie2 cre Stat3” mice
due to hyperactive myeloid cells, yet STAT3 is retained within the
HSPC compartment (37). We found diseased LysM cre Stat3”
animals and age-matched, nondiseased controls had comparable
proportions of LSK CD150" CD48" cells in bone marrow (Fig. S2
A and B). Moreover, the repopulating activity of LSK CD150*
CD48" cells purified from diseased LysM cre Star3" animals was
indistinguishable from controls, as judged by their contribution to
peripheral blood in congenic CD45.1" recipients (Fig. S2C). We
also observed a similar abundance of donor-derived CD45.2*
LSKs and CD45.2" LSK CD150" CD48" cells in both cohorts of
recipient mice 20 wk after transplantation (Fig. S2 D and E),
suggesting long-term HSPC reconstitution was equivalent between
genotypes. Together, these data indicate the extent and duration
of peripheral, myeloid-mediated type I inflammation in LysM cre
Stat3" animals is not sufficient to decrease amounts or deregulate
activity of HSPCs with intact STAT3.

Intrinsic Role for Stat3 in the Hematopoietic System. The impaired
function of HSPCs from Tie2 cre Star3” mice versus the lack of
obvious defects in HSPCs from LysM cre Star3” animals suggested
a cell-autonomous role for STAT3 in HSPC regulation. None-
theless, Tie2 cre also deletes from endothelial cells, which are
important for HSC maintenance (47-49). This raised the question
of whether HSPC deregulation in Tie2 cre Stat3” mice resulted
from hematopoietic or nonhematopoietic STAT3 function. Ac-
cordingly, we developed a model to test the hematopoietic activity
of STAT3 exclusively, allowing us to circumvent effects of Star3
deletion from nonhematopoietic cells. We generated CreER Stat3”
mice, which contain a tamoxifen-inducible cre isoform produced
ubiquitously under control of the Rosa26 promoter (50). We next
established bone marrow chimeras to limit cre activity to the he-
matopoietic system, by transplanting bone marrow cells from
CreER Stat3” mice or Stat3” controls (CD45.2*) into lethally ir-
radiated congenic CD45.1% recipients (Fig. S34). Importantly,
bone marrow from both donors demonstrated similar reconstitu-
tion (>80%), as judged by analysis of donor-derived peripheral
blood CD45.2* cells at 6-8 wk following transplantation (Fig. S3B,
time 0). We then stimulated cre activity by tamoxifen administra-
tion to induce Stat3 deletion, and confirmed effective STAT3 de-
pletion in hematopoietic cells of CreER Stat3” chimeras versus
controls (Fig. S3C). While Stat3-deficient chimeras initially showed
hematopoietic activity comparable to controls, we observed a sig-
nificant decrease in circulating CD45.2* cells in animals with Stat3-
deficient bone marrow by 20 wk after gene deletion (Fig. S3B),
indicating STAT3 has an intrinsic role in the hematopoietic system
to maintain effective blood cell production.

Failure of hematopoiesis, excessive HSPC proliferation, and
DNA damage are hallmarks of HSPC responses to inflammation.
Prior studies have shown HSPCs directly sense TLR agonists and
respond by production of classic proinflammatory cytokines (51-53).
To test whether STAT3 exerted antiinflammatory activity in HSPCs,
LSKs were purified from tamoxifen-treated CreER Stat3” and
control Stat3” mice, and stimulated ex vivo with a TLR2 agonist
(Pam3CSK4). These assays revealed elevated proinflammatory gene
expression in Stat3-deficient LSKs upon Pam3CSK4 treatment,
relative to controls (Fig. S3D). Basal expression of proinflammatory
genes, such as Ifub and Il6, was also increased in Stat3-deficient
LSKs (Fig. S3D). These data indicate intrinsic antiinflammatory
activity for STAT3 within the HSPC compartment.

Requirement for Ube2n in Hematopoietic Failure and Myeloid-Skewing
with Stat3-Deficiency. The antiinflammatory activity of STAT3 in
mature myeloid cells is mediated by STAT3-dependent transcrip-
tional repression of Ube2n, encoding the E2 ubiquitin-conjugating
enzyme Ubcl3, a central mediator of proinflammatory signaling and
gene expression upon TLR stimulation (40, 43). We hypothesized
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STAT3 protects hematopoiesis via a similar pathway, and envis-
aged Ube2n deletion from Stat3-deficient hematopoietic cells
would restore HSPC amounts and hematopoietic function. To test
this, we generated CreER Stat3” mice containing a conditional
Ube2n allele (ie., CreER Stat3” Ube2n/" animals), along with
relevant control strains (all CD45.2%). We then established bone
marrow chimeric mice using these strains as donors, with trans-
plantation into lethally irradiated congenic CD45.1" recipients
(Fig. 34). This approach allowed us to stimulate hematopoietic-
restricted deletion of Stat3, Ube2n, or Stat3 and Ube2n simulta-
neously, using tamoxifen treatment (Fig. 34). Significantly, bone
marrow from all four strains engrafted with similar ability and
demonstrated comparable lineage reconstitution before tamoxifen
delivery (Fig. 3 B and C, time 0). Upon inducible gene deletion,
we observed effective reduction of STAT3 and Ubcl3 in bone
marrow cells from relevant chimeric mice (Fig. S44).

We confirmed loss of hematopoietic activity upon Stat3 deletion
(Fig. 3B and Fig. S4B). Moreover, we found significant myeloid-
skewed hematopoiesis resulting from hematopoietic-restricted
Stat3-deficiency. This was evidenced by an approximate three-
fold increase in circulating donor-derived CD45.2* CD11b* my-
eloid cells at 8 wk following Stat3 removal, and a seven- to
eightfold increase by 20 wk, compared with all other cohorts (Fig.
3C, Left), as well as reduction in peripheral blood CD45.2" B220"
B lymphocyte and CD45.2" CD3" T lymphocyte populations at
20 wk after gene deletion (Fig. 3C, Center and Right). Myeloid-
skewed hematopoiesis in Stat3-deficient chimeras was accompa-
nied by elevated amounts of circulating proinflammatory cytokines
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Fig. 3. Hematopoietic-intrinsic roles for STAT3 and Ubc13 in peripheral blood
reconstitution. (4) Schematic diagram of the experimental approach to gen-
erate chimeric mice containing Stat3- Ube2n-sufficient (control; medium blue),
Stat3-deficient (orange), Ube2n-deficient (purple), or Stat3- Ube2n-deficient
(aqua) hematopoietic compartments. (B) Contribution of donor bone marrow
to peripheral blood (PB), evaluated by measuring circulating CD45.2* cells
before tamoxifen delivery (0) and at 4-wk intervals following tamoxifen
treatment, as shown. (C) Reconstitution of myeloid and lymphoid lineages,
determined by measuring the proportion of circulating CD45.2* CD11b*
(myeloid), CD45.2* B220" (B lymphocytes), and CD45.2* CD3™ (T lymphocytes)
before tamoxifen delivery (0) and at 4-wk intervals following tamoxifen
treatment, as shown. (B and C) n = 8-10 per genotype. Results represent one
of three independent experiments. (D) Cytokine profiles in serum collected
from bone marrow chimeric mice, 20 wk posttamoxifen treatment. n = 3 per
genotype. (B-D) Data analyzed by two-way ANOVA with multiple comparisons
(B and C; comparing time points within each group), or one-way ANOVA with
multiple comparisons (D). *P < 0.05; **P < 0.01; ***P < 0.001 for indicated
comparisons. Error bars indicate SEM.
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(Fig. 3D). Recipient-origin myeloid cells were not elevated in mice
with hematopoietic Stat3-deficiency (Fig. S4B), suggesting myeloid
accumulation is intrinsic to Stat3-deficient cells. Furthermore,
Ube2n deletion alone did not alter circulating T or B cell amounts
appreciably (Fig. 3C, Center and Right).

Notably, simultaneous Star3 and Ube2n removal resulted in
effective contribution to peripheral blood, with activity indistin-
guishable from Stat3- Ube2n-sufficient controls or the UbeZn-
deficient cohort (Fig. 3B). Concomitant removal of Stat3 and Ube2n
also suppressed myeloid-skewing and circulating proinflammatory
cytokine amounts (Fig. 3 C and D). Taken together, our data in-
dicate hematopoietic-intrinsic STAT3 function is required for
lineage-balanced blood cell production, and Ubcl3 expression is
central to hematopoietic failure with Stat3-deficiency.

To evaluate this further, we measured amounts of donor-derived
hematopoietic progenitors in the bone marrow of chimeric mice
20 wk following gene deletion, at which point animals with hema-
topoietic Star3-deficiency exhibited significant increases in circulat-
ing myeloid cells and proinflammatory cytokines (Fig. 3 C and D).
We found elevated amounts (~threefold) of donor-derived CD45.2*
GMPs, accompanied by a substantial reduction in CD45.2* common
myeloid (CMP) and megakaryocyte-erythroid (MEP) progenitor
populations, in Stat3-deficient mice vs. controls (Fig. 4 A and B).
Donor-origin progenitor amounts in chimeras with concomitant
Stat3 and Ube2n deletion were similar to controls, consistent with
observations of peripheral blood lineages (Figs. 3 and 4 4 and B).
Progenitor amounts were largely unaffected by UbeZ2n deletion
alone, with the exception of an increase in CMPs (Fig. 4 4 and B).
In addition, the frequency of donor-origin CD45.2* LSKs, as well as
CD45.2* lin~ Sca-1~ ¢-Kit* cells, a population enriched for myeloid
progenitors, was comparable among all groups (Fig. S4 C and D).
Our results show hematopoietic-intrinsic STAT3 function is crit-
ical to maintain committed myeloid progenitor subsets at appro-
priate ratios, while progenitor deregulation with Stat3-deficiency
involves Ubcl3.

We next assessed whether Ube2n removal from Stat3-deficient
hematopoietic cells affected HSPC responses linked with excessive
inflammatory signaling. We observed a substantial accumulation
of yYH2AX amounts in CD45.2* Stat3-deficient LSKs from bone
marrow chimeric mice, which resembled our findings in LSKs
from Tie2 cre Stat3” animals (Figs. 2 E-G and 4 C and D). In
contrast, YH2AX amounts were lower in LSKs lacking Stat3 and
Ube2n, and were comparable to controls or Ube2n-deficient cells
(Fig. 4 C and D). A similar trend was found in the LSK CD150"
CD48™ subset, although these data were not statistically significant
(Fig. S4E). In addition, we observed a significant decrease in
donor-origin HSPCs in animals with hematopoietic-specific Stat3
deletion, as judged by reduced LSK CD150" CD48~ cells versus
controls (Fig. 4 E and F). Ube2n removal alone showed a trend
toward fewer LSK CD150" CD48~ cells, yet this did not reach
statistical significance (Fig. 4 E and F). Strikingly, the amount of
LSK CD150" CD48™ cells was relatively unaffected upon con-
comitant deletion of Stat3 and Ube2n, compared with controls,
and was increased significantly over Stat3-deficient chimeras (Fig.
4 E and F). These results demonstrate a hematopoietic-intrinsic
role for STAT3 in HSPC maintenance and protection from DNA
damage by a mechanism involving Ubc13. Collectively, our data
suggest STAT3 antiinflammatory activity is critical for HSPC
preservation and lineage-balanced hematopoiesis.

STAT3 and Ubc13 Roles in Hematopoietic Progenitor Transcriptional
Responses. The molecular pathways that are deregulated in HSPCs
during inflammation-induced damage are poorly resolved. To better
understand these and assess genome-wide transcriptional responses
mediated by STAT3 and Ubcl3, we performed RNA-sequencing
(RNA-seq) studies. Total RNA isolated from donor-derived LSKs
(CD45.2%), purified from chimeric mice 20 wk following gene de-
letion was used for the RNA-seq analysis. This approach allowed us
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Fig. 4. Hematopoietic-intrinsic roles for STAT3 and Ubc13 in regulation of
bone marrow progenitor subsets. (A and B) Representative data (A) and
cumulative mean values (B) of CD45.2" GMP, CMP, and MEP frequencies
in bone marrow chimeric mice, determined 20 wk posttamoxifen treatment.
(C and D) Representative (C) and cumulative results (D) of yYH2AX abundance
in purified LSKs from chimeric mice, determined by flow cytometry, as
shown. Data are shown as mean MFI, normalized to Stat3- Ube2n-sufficient
controls (D). (E and F) Representative data (E) and cumulative mean values
(F) of LSK CD150% CD48~ cell frequencies in chimeric mice, determined at
20 wk posttamoxifen treatment. (A-F) n = 3 per genotype, three indepen-
dent experiments. (B, D, and F) One-way ANOVA with multiple comparisons
used. *P < 0.05; **P < 0.01; ***P < 0.001, for indicated comparisons. Error
bars indicate SEM.

to measure global LSK transcriptional responses in Stat3-deficient
progenitors, which show evidence of inflammation-induced damage,
as well as transcriptional patterns in apparently undamaged LSKs
from control, Ube2n-deficient, or Stat3- Ube2n-deficient chimeras
(Fig. 4). We confirmed efficient removal of Stat3 and Ube2n in
LSKs used for RNA-seq by qPCR analysis (Fig. S54).

Following verification of similar read counts and RNA-seq
data quality from all cohorts (Fig. S5B), the results were filtered
to remove genes with <30 read counts, which eliminated
3,249 genes from further analysis. The remaining 13,083 genes
were evaluated by negative binomial generalized linear models
followed by likelihood ratio tests, or pairwise comparisons be-
tween genotypes using Wald tests. Each pairwise comparison
revealed significant gene-expression differences, with the ex-
ception of the comparison between control and Stat3- Ube2n-
deficient LSKs (Fig. S5C and Tables S1 and S2), thus implying
similarity between the transcriptomes of control LSKs and LSKs
lacking both Stat3 and Ube2n. The likelihood ratio tests among
all four groups revealed 166 genes with false-discovery rate
(FDR) -adjusted q value < 0.01 (Table S3). These differentially
expressed genes were displayed in a heatmap, which indicated
control and Stat3- Ube2n-deficient LSKs show more closely re-
lated gene-expression patterns to one another versus the other
cohorts (Fig. 54). Using principal component analysis of the
166 genes with FDR-adjusted q value < 0.01, we confirmed a
closer relationship between gene-expression in control and Stat3-
Ube2n-deficient LSKs vs. Stat3- or Ube2n-deficient LSKs (Fig.
S5D). Thus, two independent classification approaches showed
comparable gene-expression patterns in control and Stat3-
Ube2n-deficient LSKs, and indicated these are distinct from
transcriptional profiles in Stat3- or Ube2n-deficient LSKs. These
data are consistent with the improved hematopoietic function,
HSPC amounts, and lack of HSPC DNA damage upon con-
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comitant Stat3 and Ube2n removal, relative to Stat3-deficiency
alone, as well as similarities between hematopoietic function in
Stat3- Ube2n-deficient chimeras and Stat3- Ube2n-sufficient
controls (Figs. 3 and 4).

To evaluate affected cellular responses, we performed a series of
pathway analyses on the 166 genes that showed significant differ-
ences in expression among the four genotypes (Fig. 54 and Table
S3). Ingenuity pathway analysis (IPA) indicated deregulation of
cancer-related, survival, cellular injury, developmental, and in-
flammatory pathways upon Stat3- or Ube2n-deletion in LSKs (Fig.
5 B and C and Table S4). Comparison analysis of pairwise com-
binations in IPA revealed opposing or disparate regulation of cell
death genes in Star3-deficient vs. Ube2n-deficient LSKs, with ele-
vated expression in Stat3-deficient LSKSs and reduced expression in
Ube2n-deficient LSKs, upon comparison of each individually to
Stat3- Ube2n-sufficient controls (Fig. 5D). To further understand
the impact of this transcriptional deregulation, we analyzed the
group of survival genes identified by IPA and found overlap with
inflammatory and hematological developmental pathways (Fig. 5 E
and F and Table S4). Using lin~ cells purified from bone marrow
chimeric mice, we validated deregulation of 7 of 12 genes tested in
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Fig. 5. Transcriptome analysis of LSKs with Stat3- and Ube2n-deficiency. (A)
Heatmap of genes with significantly different expression in control, Stat3-
deficient, Ube2n-deficient, and Stat3- Ube2n-deficient LSKs, determined by
negative binomial generalized linear models followed by likelihood ratio tests.
The heatmap displays 166 genes with FDR q value < 0.01. Samples and genes
were clustered using Pearson distance metric and Ward’s minimum variance
method. (B and C) Distribution of 166 genes with FDR q value < 0.01 in the top
10 functional and disease groups, determined by IPA. (C) The P values (-log)
(shown on top row) indicate the likelihood of random association between
identified genes and the related functional categories. Larger —log values in-
dicate smaller P values, and less chance of random association. P < 0.05 gen-
erally indicate a statistically significant, nonrandom association. —log = 3 was
used to select the top 10 groups, which equals P < 0.001. (D) Comparison
analysis of the pairwise combinations, control versus CreER Stat3” and control
versus CreER Ube2n™, by IPA. (E) Venn diagram illustrating the number of cell
death and survival genes, determined by pairwise comparison in IPA, with
unique or overlapping association between the categories of inflammation
and hematological development. (F) Heatmap of the 18 genes that overlap
between cell death and survival, inflammation, and hematological develop-
ment categories shown in E. Genes were clustered using Pearson distance
metric and Ward'’s minimum variance method.
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the overlap categories (Fig. 5 £ and F and Fig. S5 E and F).
Specifically, three of the seven genes that were up-regulated in
Stat3-deficient LSKs according to RNA-seq showed significantly
elevated expression in lin~ cells by qPCR (Fig. 5 E and F and Fig.
S5E). These include Bmx and Clec4a2, which encode regulators of
TLR signaling, as well as Iigh2, encoding the integrin subunit
CD11b, commonly associated with myeloid development (54-56).
In addition, four of five genes in the overlap category that were
induced in Ube2n-deficient LSKs by RNA-seq were confirmed to
be up-regulated in lin™ cells (Fig. 5 E and F and Fig. SS5F). These
include: Ackr4, encoding an atypical chemokine (scavenger) re-
ceptor; Psen2, encoding the Notch signaling mediator presenilin 2;
Mylk, encoding myosin light-chain polypeptide kinase; and KirbIf,
encoding the lectin-like receptor CD161.

To further understand the impact of STAT3 and Ubcl13 in
LSKs, we performed two-way comparisons of differentially
expressed genes using IPA core analysis. These studies revealed
down-regulation of genes involved in maintaining blood cell
quantities, hematopoiesis, and DNA repair in Stat3-deficient
LSKs compared with control (Fig. SSG and Table S1). In con-
trast, Ube2Zn-deficient LSKs showed increased expression of
genes involved in immune cell proliferation, and decreased ex-
pression of genes linked to apoptosis, inflammation, and cell
death (Fig. SSH and Table S2). These results suggest STAT3 is
important for hematopoietic survival and protection from DNA
damage, while Ubcl13 restrains cell proliferation or potentiates
cell death or injury. Thus, our genome-wide transcriptional
profiling studies indicate global yet distinct deregulation of gene
expression upon Stat3 or Ube2n deletion in LSKs, while con-
comitant removal of Stat3 and Ube2n alleviated a majority of
these aberrant gene-expression responses. Collectively, our data
suggest hematopoietic-intrinsic STAT3 antiinflammatory activity
is important for protecting stem and progenitor cells from the
activation of intrinsic cell death, and inflammatory and inap-
propriate developmental gene-expression responses to preserve
lineage-balanced hematopoiesis.

Discussion

By employing three distinct model systems to target Stat3 re-
moval, we delineated an essential hematopoietic-intrinsic func-
tion for this key signaling mediator in HSPC maintenance, HSPC
protection from DNA damage, suppression of myeloid-skewed
blood cell production, and effective hematopoiesis. Our multi-
pronged approach was necessary to rigorously evaluate STAT3
function in the hematopoietic system and avoid confounding
issues due to gene deletion in nonhematopoietic tissues, or the
contribution of peripheral inflammation driven by myeloid Stat3-
deficiency to hematopoietic function. These questions arose
because of the complexity of the Tie2 cre Stat3" mouse model, in
which previous hematopoiesis studies have been performed (31,
36). Specifically, Tie2 cre Stat3” mice contain hematopoietic
as well as endothelial Stat3 deletion (47); endothelial Stat3-
deficiency could impair critical hematopoietic niche function or
provide a source of proinflammatory factors that injure HSPCs,
affecting hematopoietic activity (37, 48, 49, 57, 58). In addition,
Tie2 cre Stat3” mice develop systemic inflammation (35), which
could influence hematopoiesis through a feedback mechanism to
bone marrow HSPCs. Our analysis of HSPCs originating from
LysM cre Stat3”' animals indicates that peripheral inflammation
driven by hyperactive Stat3-deficient myeloid cells is inadequate
to damage STAT3-sufficient HSPCs. Furthermore, our use of
CreER Stat3” mice and bone marrow transplantation allowed us
to circumvent potential confounding issues due to Stat3 deletion
in nonhematopoietic populations. Collectively, our data reveal a
critical hematopoietic-intrinsic role for STAT3 in maintaining
lineage-balanced blood cell production.

STAT?3 appears to be important at early developmental stages
of hematopoiesis, including maintenance of the LSK CD150"
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CD48™ subset, a population enriched for long-term repopulating
HSCs (44). Moreover, we found Stat3-deficient HSPCs had char-
acteristics of progenitors responding to inflammation, such as
enhanced cell cycling and DNA damage. Thus, loss of blood cell-
forming activity with hematopoietic-intrinsic Stat3-deficiency may
be a consequence of fewer HSPCs, reduced HSPC function, or a
combination of these factors. Nonetheless, inflammation hall-
marks in Stat3-deficient HSPCs led us to hypothesize that the
protective function for STAT3 in hematopoiesis may relate to its
antiinflammatory activity, which is mediated through Ube2n/Ubc13
suppression (40). By removing Ubc13/Ube2n simultaneously
from Stat3-deficient hematopoietic cells, lineage-balanced he-
matopoiesis and HSPC amounts became indistinguishable from
Stat3- Ube2n-sufficient controls. Moreover, concomitant Ube2n
and Stat3 deletion reduced signs of DNA damage in HSPCs, and
suppressed systemic inflammation found in Stat3-deficiency. These
data indicate that a principal STAT3 antiinflammatory mechanism
is mediated via Ubc13 modulation in vivo, and imply an epistatic
relationship between STAT3 and Ubcl3 in hematopoietic cells.
In addition, our results suggest STAT3 antiinflammatory signal-
ing is a critical means to preserve HSPCs and lineage-balanced
hematopoiesis.

Nonetheless, key questions remain, as our model systems are
unable to dissect the importance of intrinsic STAT3 antiinflam-
matory signaling within HSPCs from inflammation-independent
STAT3 activity in progenitors, or from the impact of peripheral
inflammatory mediators on the function of Stat3-deficient HSPCs.
In fact, chimeric mice with hematopoietic Stat3-deficiency were
unique among all cohorts in demonstrating elevated circulating
myeloid cells and proinflammatory cytokines, suggesting HSPCs
within these animals were distinctly exposed to inflammation.
Thus, resolving the effects of intrinsic vs. peripheral proinflam-
matory signals in Stat3-deficient HSPCs, as well as inflammation-
independent STAT3 target genes, will require novel approaches,
such as genome-wide identification of STAT3-regulated genes in
HSPCs under inflammatory and noninflammatory conditions, as
well as animal models that separate HSPC-intrinsic STAT3 activity
from STAT3 function in peripheral blood cell populations.

Although we observed lineage-balanced blood cell production
upon hematopoietic-intrinsic Ube2n deletion, we cannot rule out a
role for Ubcl3 in hematopoiesis. We found a trend toward fewer
LSK CD150* CD48~ HPSCs as well as increased CMPs in the
absence of Ubc13, which could suggest compensatory mechanisms
enable lineage-balanced hematopoiesis upon UbeZ2n removal. Al-
terations in progenitor amounts are consistent with our tran-
scriptional profiling, which indicated substantial gene expression
responses mediated by Ubc13 in LSKs. Furthermore, prior reports
have described roles for Ubcl3 in B cell development and he-
matopoietic regulation (59, 60). Specifically, B cell-restricted
(CD19 cre-directed) Ube2n deletion affected marginal zone B
cells, peritoneal CD5* B-1 cells, and circulating amounts of im-
munoglobulins, yet did not alter B220 expression or splenic B220™
B cell amounts (59). These data are consistent with our results, as
our analyses were limited to circulating B220™ B cells. In addition,
animals with ubiquitous Ube2n deletion, mediated by the type I
IFN-inducible MX cre transgene, showed dramatic hematopoietic
failure, including multilineage immune cell deficiency (60). The
MX cre model has potential to induce Ube2n deletion from both
hematopoietic and stromal (e.g., HSC niche) populations and is
accompanied by elevated type I IFN, which stimulates HSC pro-
liferation (1). This model is notably distinct from our approach
to direct hematopoietic-restricted Ube2n deletion, and suggests
Ubcl3 may have discrete functions in steady state and inflam-
matory conditions, or has important roles in hematopoietic-
supportive niche populations. Interestingly, Ubc13 is involved in
mediating DNA repair (61), although we did not detect notable
DNA damage in HSPCs upon Ube2n deletion.
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By comparing genome-wide transcriptional responses among
control, Stat3-, Ube2n-, and Stat3- Ube2n-deficient LSKs, we iden-
tified 166 differentially regulated genes using a relatively stringent
cut-off of FDR q value < 0.01. A subset of these differentially
expressed genes is associated with inflammation, survival, and he-
matological development, suggesting a degree of overlap in regu-
lation of these distinct cellular responses within HSPCs. Moreover,
additional analysis indicated that survival and cellular injury path-
ways were distinctly controlled in Stat3- or Ube2n-deficient LSKs, as
genes involved in blood cell maintenance, survival, and DNA repair
were down-regulated in Star3-deficient LSKs, while apoptosis
and cell death genes showed reduced expression in Ube2n-
deficient LSKs. Importantly, although STAT3 can restrain IFN
signaling (62), we did not detect an obvious IFN gene signature
in Stat3-deficient LSKs, suggesting Stat3-deficient HSPCs fail
for reasons other than an intrinsically activated IFN response.
The transcriptional profiling also detected a surprising simi-
larity between control and Stat3- Ube2n-deficient LSKs, as sig-
nificant differences were not detected between these populations
using bioinformatic approaches. The extent of similarity between
control and Stat3- Ube2n-deficient LSKs may reflect the fact that
they are derived from mice lacking obvious signs of inflamma-
tion, as well as a unique complementation between the path-
ways deregulated by Stat3- or Ube2n-deficiency individually
(e.g., survival or injury responses).

Validation of our RNA-seq data identified five genes that were
previously associated with STAT3-dependent regulation—including
Bmx, Clec4a2, Ackr4, Psen2, and Mylk (63)—suggesting these
may be direct STAT3 targets. In addition, we confirmed in-
creased ltgh2 expression in Stat3-deficient HSPCs, which is
consistent with myeloid-skewing in mice with hematopoietic
Stat3 deletion. Interestingly, three of the genes validated in
Ube2n-deficiency (i.e., Ackr4, Psen2, and KirbIf) show enriched
expression or have major roles in lymphocytes and their devel-
opment (64-69). Nonetheless, genome-wide RNA-seq or ChIP-
sequencing (ChIP-seq) studies indicate STAT3 binds widely
across the genome and exerts large-scale effects on transcription.
Similar results have been reported for NF-kB-regulated genes,
which can be induced upon Ubcl3-mediated signaling (70-73).
This makes it unlikely that deregulation of a single gene in Stat3-
deficiency results in hematopoietic failure, or rescued expression
of a single gene upon concomitant Ube2n removal salvages he-
matopoietic activity. Collectively, our transcriptional profiling
and bioinformatic analyses are in agreement with the physio-
logical responses we observed, and suggest a major outcome of
STATS3 antiinflammatory signaling in the hematopoietic system
is protection of HSPCs from injury and loss of viability.

STAT3 is often associated with deleterious responses and is
frequently considered a proinflammatory signaling mediator, as
well as a tumor-promoting factor. Hence approaches to mitigate
STAT3 signaling have been pursued as cancer or antiinflamma-
tory strategies (74-77). We suggest the picture is nuanced, how-
ever, particularly in the hematopoietic system. An important issue
may be maintenance of balanced STAT3 function, a concept that
is in line with the association of both human STA73 LOF and
GOF mutations with immune disease (23, 26). In hematopoietic
malignancy, blocking STAT3 may prove beneficial in selectively
clearing tumor-sustaining stem cells by inducing their death, as
STATS3 is critical for cell survival (30, 74). In inflammation con-
ditions, however, therapeutic interference with STAT3 may ex-
acerbate HSPC injury and result in unintended complications.
Thus, targeting proinflammatory signaling mediators such as
Ubc13 may be more effective methods to alleviate HSPC damage
and bone marrow failure associated with chronic inflammation.

Materials and Methods

Animals. Tie2 cre Stat3™ [Tg(Tek-cre)’?"" Stat3™°¥/f°X] and LysM cre Stat3™
[Lyz2tm1(crelifo gtat3floxiflox] mice were generated by crossing Tie2 cre or LysM
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cre strains with Stat3” mice (47, 78, 79), respectively. CreER stat3™, CreER
Ube2n™ and CreER Stat3™ Ube2n™ mice were produced by breeding CreER
[Gt(ROSA)2650r™ @</ERTATYI] animals with Stat3™ or Ube2n™ mice (37, 50,
59). Age- and gender-matched Stat3-sufficient controls (Stat3™) were in-
cluded in all assays; controls include littermates and animals housed proxi-
mally. All strains were on the C57BL/6J background. Male and female mice
aged 4-36 wk were used in experiments as follows: Tie2 cre Stat3”" and
Stat3-sufficient controls were used at ages 4-7 wk; LysM cre Stat3” and
Stat3-sufficient controls were used at ages 12-18 wk (upon presentation of
enterocolitis in LysM cre Stat3ﬁf); CreER-containing strains used as donors in
bone marrow transplantation were used at ages 6-8 wk. Congenic CD45.1*
mice (B6.SJL-"tPre@ PepcbiBoyly ghtained from the Jackson Laboratories were
utilized as recipients in bone marrow transplantation studies; mice were
aged 6-10 wk. Final analyses of bone marrow recipients were performed
20 wk posttransplantation, when recipient mice were 34-38 wk old. Animals
were housed in a specific pathogen-free facility. All experimental procedures
were approved by the Institutional Animal Care and Use Committee at The
University of Texas MD Anderson Cancer Center.

Flow Cytometry and FACS. To assess hematopoietic lineages, bone marrow
and peripheral blood cell preparations, devoid of red blood cells, were stained
with fluorescently labeled antibodies against CD45.1 (A20; BD Bioscience),
CD45.2 (104; BD Bioscience), CD3 (CT-CD3; eBioscience), CD11b (M1/70; eBio-
science), and CD45R/B220 (RA36B2; eBioscience). Samples were analyzed on an
LSR Fortessa machine (BD Bioscience). For progenitor analysis, lin~ bone marrow
progenitors were enriched by magnetic bead separation using biotinylated rat
anti-mouse antibodies against CD3, CD11b, Gr-1 (RB6-8C5; eBioscience), CD45R/
B220, and Ter119 (Ter-119; eBioscience), followed by negative selection with
anti-rat microbeads (Miltenyi Biotec). Enriched lin~ cells were then stained with
antibodies against CD34 (RAM34; eBioscience), FcyRINII (2.4G2; eBioscience),
CD45.2, Sca-1 (E13-161.7; eBioscience), CD45.1, c-Kit (2B8; eBioscience), CD48
(HM48-1; eBioscience), and CD150 (TC15-12F12.2; BioLegend) to label hema-
topoietic progenitors, and streptavidin-Pacific blue to label lin* cells. Cells were
analyzed on an LSR Fortessa machine or isolated by FACs using FACSAria llu
sorter (BD Bioscience), as indicated in the text.

For HSPC cell cycle analysis and yH2AX staining, lin~ bone marrow cells were
enriched by magnetic bead separation and stained with fluorescently labeled
antibodies to identify LSK (lin~ Sca-1* ¢Kit*) and LSK CD150* CD48~ pop-
ulations. In cell cycle assays, cells were fixed and permeabilized using a com-
mercial reagent (BD Bioscience), and then stained with the DNA dye Hoechst
33342 (Sigma-Aldrich) and fluorescently labeled antibody to the proliferation
marker Ki67 (BD Bioscience). yH2AX staining was performed under similar
conditions using fixed and permeabilized cells stained with an antibody to
yH2AX (BD Bioscience). Cells were analyzed on an Influx or LSR Fortessa ma-
chine, respectively. Flow cytometry data were analyzed using FlowJo software.

Bone Marrow and LSK CD150% CD48~ Transplantation Assays. Bone marrow
cells were flushed from femurs and tibias of donor mice (6-8 wk of age) and
stored in DMEM supplemented with 1% heat-inactivated FCS until trans-
plantation. FACS-sorted LSK CD150" CD48™ cells were isolated as described
and stored in PBS until transplantation. Total bone marrow cells (2 x 10%) or
FACS-sorted LSK CD150" CD48~ cells (200) were transferred via tail vein in-
jection (intravenously) into lethally irradiated (900 rad) CD45.1" congenic
recipients (6-10 wk of age). For LSK CD150" CD48~ cell transplantation,
donor (CD45.2%) cells were transferred with 10° total bone marrow cells
from the recipient strain (CD45.1%), to provide a radioprotective dose of
bone marrow. Peripheral blood was obtained at 4-wk intervals following
LSK CD150* CD48" cell transplantation; cells were stained with antibodies
and analyzed by flow cytometry to assess reconstitution efficiency. In total,
bone marrow transplantation assays with CreER Stat3™, CreER Ube2n™,
CreER Stat3”" Ube2n™, and control (Stat3™) donor bone marrow, recipient
mice were assessed for donor reconstitution at 8 wk posttransplantation;
only animals with effective reconstitution (>80%) were used in subsequent
assays. Chimeric mice were injected with tamoxifen (8 wk posttransplantation;
2 mg tamoxifen, every other day over a 1-wk interval) to induce gene de-
letion. Peripheral blood was obtained at 4-wk intervals following tamoxi-
fen treatment, and analyzed for total and lineage reconstitution by
antibody staining and flow cytometry. All animals were killed by 20 wk
posttransplantation.

RNA Isolation and qPCR. Total RNA was extracted by TRIzol and reverse-
transcribed with iScript (Bio-Rad); gPCR was performed with SYBR Green
PCR Mix (Bio-Rad) and a sequence detector (Bio-Rad 5000). The expression of
individual genes was calculated and normalized to 18s or GAPDH RNA. Data
are presented as fold-change between the normalized test groups versus
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normalized controls, as indicated in the figure legends. Gene-specific primers
are listed in Table S5 or ref. 40.

RNA-Seq. lllumina compatible libraries were prepared using the Ovation RNA-
Seq System V2 (Nugen) and the KAPA Hyper Library Preparation kit (KAPA)
per the manufacturers’ protocol. In brief, total RNA samples were assessed
for quality and quantity using the Agilent Bioanalyzer RNA 6000 Pico Chip
(Agilent Technologies). Two nanograms of total RNA were converted to
double-stranded ¢cDNA and amplified using Nugen’s proprietary single
primer isothermal (Ribo-SPIA) protocol. The double-stranded cDNA was then
quantified using the Qubit DNA High Sensitivity Assay (ThermoFisher);
500 ng of each cDNA sample was fragmented to an average size of 200 bp
using the Biorupter Pico Sonicator (Diagenode). The double-stranded cDNA
fragments were end repaired, 5'-phosphorylated, and 3'-A tailed for ligation
of the Y-shaped indexed adapters using the KAPA Hyper Library Prep kit
(KAPA). Adapter ligated DNA fragments were amplified by two cycles of
PCR, quantified by gqPCR, and sequenced on the lllumina HiSeq4000 Se-
quencer using a 75-bp paired-end format.

RNA-Seq Data Processing and Statistical Analysis. The Genome Reference
Consortium Mouse Build 38 (GRCm38/mm10) was used as the reference
genome. TopHat2 was used for alignment of RNA-seq data, and Htseqg-count
was used to generate the read counts for each gene (80, 81). Bioconductor R
package DESeq2 was used to normalize and analyze the RNA read counts
matrix (82). Raw counts were normalized by gene geometric mean and
sample median to adjust for sequencing depth. Negative binomial gener-
alized linear models were used to test for differential expression. Wald tests
were used for pairwise comparisons, and likelihood ratio tests were used as
ANOVA-like tests, to test for the overall treatment effect. The Benjamini-
Hochberg method was applied to adjust for multiple comparisons (83).
Genes with FDR q value < 0.01, identified by likelihood ratio tests, were
considered significant. Genes with FDR q value < 0.05 by Wald tests and fold-
change larger than +2 were identified as significant in pairwise comparisons.
Two-way clustering heatmaps, using Pearson distance metric and Ward’s
minimum variance method, were used to illustrate the expression profile of
the identified genes. Data were analyzed by IPA (Qiagen; https://www.
giagenbioinformatics.com/products/ingenuity-pathway-analysis) (84). IPA
was performed for the 166 significant genes (FDR q value < 0.01) identi-
fied by a likelihood ratio test. The IPA analysis uses Fisher’s exact test to
generate P values for curated gene sets separately grouped by canonical
pathways, upstream regulators, and biological functions and diseases. IPA
core analysis was used to identify disease pathways differentially regu-
lated among genes that show significantly different expression in two-way
comparisons. Venn diagrams were generated by Bioinformatics and Evo-
lutionary Genomics (bioinformatics.psb.ugent.be/webtools/Venn/).

Multiplex Cytokine Analysis. Serum samples were analyzed using the Luminex
Multiplexed Bead Array kit (ProcartaPlex-20 Plex; eBioscience) for 20 different
cytokines and chemokines (IL-6, IFN-a, IFN-y, TNF-o, IL-1B, IL-1, IL-10, IL-17A,
IL-12, IL-23, G-CSF, GM-CSF, M-CSF, LIF, VEGFq, IP10, MIP2, KC, MCP1, and
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MCP3) according to the manufacturer’s instructions. Median fluorescence
intensities were collected on a Luminex-100 instrument (Luminex Corp) us-
ing Bio-Plex Manager 6.1 (Bio-Rad) software. Cytokine concentrations were
determined from the appropriate standard curves of known concentrations
of recombinant mouse cytokines and chemokines to convert fluorescence
units to concentrations (pg/mL). Each sample was run in duplicate and the
mean of the duplicate was used to calculate the measured concentration.

Alkaline Comet Assays. For alkaline comet assays, 1 x 10% FACS-purified LSKs
were suspended in 10 pL ice-cold PBS, and mixed with 100 puL of prewarmed
(37 °C) 0.75% low melting-point agarose. Next, 50 pL of the mixture was
dropped on a fully frosted slide precosted with 0.5% agarose gel. After
solidification, slides were immersed in precooled lysis solution (Trevigen) at
4 °C and incubated in the dark for 1 h. Excess lysis buffer was drained from
the slides, and slides were immersed in freshly prepared and precooled al-
kaline DNA unwinding solution (200 mM NaOH, 1 mM EDTA, pH > 13) for
30 min at 4 °C in the dark. Electrophoresis was performed using 18 volts for
30 min at 4 °C in the dark. Following electrophoresis, slides were gently
immersed twice into ddH,O for 5 min each and fixed in 70% ethanol for
5 min. After air drying, DNA was stained with SYBR Gold (Trevigen) solution
for 30 min at room temperature. Images were captured by a Nikon 80i
fluorescent microscope and analyzed using OpenComet software.

Immunoblotting. Whole-cell lysates were subjected to SDS/PAGE and immu-
noblotting, using antibodies to STAT3 (c-20; Santa Cruz Biotechnology),
Ubc13 (#371100; Invitrogen), and RAN (c-20; Santa Cruz Biotechnology) as
described previously (40).

Statistical Analysis. Data are presented as mean + SEM. The statistical sig-
nificance between two groups was calculated by a two-tailed t test. For
multiple groups, significance was evaluated by one-way or two-way ANOVA
with Tukey multiple comparisons. Graphpad Prism 5 software was used for
each type of analysis. Statistical analyses of RNA-seq data are described in
RNA-Seq Data Processing and Statistical Analysis, above.
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