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Zinc ﬁnger protein 521 (ZFP521), a DNA-binding protein containing 30
Krüppel-like zinc ﬁngers, has been implicated in the differentiation of multiple cell
types, including hematopoietic stem and progenitor cells (HSPC) and B lymphocytes.
Here, we report a novel role for ZFP521 in regulating the earliest stages of hematopoiesis and lymphoid cell development via a cell-extrinsic mechanism. Mice with inactivated Zfp521 genes (Zfp521⫺/⫺) possess reduced frequencies and numbers of hematopoietic stem and progenitor cells, common lymphoid progenitors, and B and T
cell precursors. Notably, ZFP521 deﬁciency changes bone marrow microenvironment
cytokine levels and gene expression within resident HSPC, consistent with a skewing
of hematopoiesis away from lymphopoiesis. These results advance our understanding of ZFP521’s role in normal hematopoiesis, justifying further research to assess its
potential as a target for cancer therapies.
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C

onsiderable attention has been dedicated to elucidating the identities of dysregulated genes in cancer initiation and progression. Dissecting their roles under
normal homeostatic conditions is integral to understanding how these proteins function and contribute to malignant transformation. The DNA binding protein zinc ﬁnger
protein 521 (ZFP521) was ﬁrst identiﬁed as ecotropic viral integration site 3 (Evi3) in B
cell leukemias in the AKXD mouse strain (1–3). ZFP521 comprises 30 Krüppel-like zinc
ﬁnger domains. Its paralog, encoded by Zfp423 (Ebfaz), is also a frequent site of viral
integration in murine B cell lymphomas (4). These retroviral insertions are localized to
the 5= regulatory sequences of the genes and are associated with their dysregulation
and increased expression of wild-type (WT) transcripts (1–4). In addition, fusion proteins
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of the human homologue, ZNF521 (EHZF), with PAX5 (PAX5:ZNF521) have been
observed in human pre-B-cell acute lymphoblastic leukemia (5, 6).
Zfp521 and Zfp423 are broadly expressed, with highest expression in the brain and
heart (3). Their proteins have been implicated in the function and differentiation of
early progenitor cells in neural (7–9) and adipose (10, 11) tissues, the erythroid lineage
(12), and bone development (13–17). Zfp521/ZNF521 is expressed in early hematopoietic stem cells and is absent in peripheral cell populations, including mature B cells
(3–5, 18, 19). In contrast, Zfp423 was not detected in bone marrow (BM) or splenic B cell
populations. Importantly, knockdown of Zfp521 reduces repopulation by hematopoietic
stem and progenitor cells (HSPC) and promotes their differentiation to become B cells
in vitro (20–22), implicating ZFP521 as a regulator of early hematopoietic stem and
progenitor cell function.
A speculated role for ZFP521 in regulating B lymphopoiesis, speciﬁcally, has been
based largely on observations implicating ZFP521/ZNF521 in the posttranslational
regulation of early B cell factor (EBF) family members, including EBF1, a master
regulator of B cell development (23–27). Overexpression of Zfp521 in AKXD mouse
leukemias is associated with the increased expression of Ebf1 as well as many of its
target genes, including Cd79a (mb-1) and Cd79b (B29) (2). However, exogenous overexpression of Zfp521/ZNF521 in HEK293 cells abrogates EBF1-driven transcription in a
dose-dependent fashion (2, 19). Furthermore, overexpression of ZNF521 in human B
lymphoid cell lines or of Zfp521 in murine pre-B cell lymphomas reduced EBF1dependent transcription (5, 22).
Zinc ﬁnger domains 24 to 30 are sufﬁcient for ZFP521 interaction with EBF1,
although this region alone is insufﬁcient to inhibit EBF1 function (22). In addition to the
zinc ﬁnger motifs, the product of Zfp521 includes 12 residues at its N terminus that bind
nucleosome remodeling and deacetylase (NuRD) complexes (19, 22, 28, 29). This
N-terminal motif was dispensable for ZNF521 inhibition of EBF1 in B lymphoid cell lines
(22). In contrast, a separate report indicated that deletion of the N-terminal motif
reduced, but did not ablate, ZFP521 repression of EBF1 transactivation of a B29 (Cd79b
product) plasmid reporter but blocked EBF1 activation of the bone-relevant target, Ccl9
(14). The disparity in the literature regarding how ZFP521 regulates EBF1 highlights the
need for evaluating the normal, endogenous role of ZFP521 in B cells in vivo.
Here, we further deﬁne the expression patterns of Zfp521 in hematopoietic progenitor compartments and characterize the consequences of Zfp521 deﬁciency on lymphopoiesis in vivo. Mice deﬁcient in Zfp521 exhibit reduced BM and thymic cellularity.
These mice have altered frequencies and phenotypes of early hematopoietic progenitor
cells, as well as B and T cell progenitors. Cytokine expression analysis revealed increased
levels of myeloid cell-associated soluble factors in the BM microenvironment of Zfp521deﬁcient mice. Correlating with the cytokine array, transcriptome sequencing (RNA-seq)
analysis of Zfp521⫺/⫺ hematopoietic stem and progenitor cells revealed transcriptome
changes consistent with cytokine signaling changes and myeloid cell-biased differentiation programs. Collectively, these data support a previously undescribed role for
ZFP521 in the regulation of hematopoiesis indirectly through soluble factors in the
microenvironment.
RESULTS
Zfp521 deﬁciency alters the frequency of hematopoietic stem and progenitor
cells. Previous studies indicated that Zfp521 is expressed abundantly in hematopoietic
stem cells (HSC) and decreases with differentiation (3, 19). However, these experiments
were not performed using highly puriﬁed populations of hematopoietic cells. To assess
the expression of Zfp521 throughout hematopoiesis, we puriﬁed hematopoietic stem
and progenitor populations from wild-type C57BL/6 mice and measured Zfp521 transcripts using reverse transcription-quantitative PCR (qRT-PCR) (Fig. 1A). We conﬁrmed
that the highest expression level of Zfp521 transcripts was observed within the longterm HSC (LT-HSC) compartment (Linneg Sca1⫹ cKit⫹ CD34neg CD135neg). Zfp521
transcript levels decreased progressively with differentiation to short-term HSC (ST-HSC;
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FIG 1 Zfp521 deﬁciency alters early HSC and progenitor population phenotypes. (A) BM cells of WT C57BL/6 mice were analyzed for
Zfp521 expression by qRT-PCR. Populations analyzed include long-term hematopoietic stem cells (LT-HSC; Linneg Sca1⫹ cKit⫹ CD34neg
CD135neg), short-term HSC (ST-HSC; Linneg Sca1⫹ cKit⫹ CD34⫹ CD135neg), lymphoid-primed multipotent progenitor cells (LMPP; Linneg
Sca1⫹ cKit⫹ CD34⫹ CD135hi), common myeloid progenitors (CMP; Linneg Sca1neg cKit⫹ CD34⫹ CD16/32neg), granulocyte-macrophage
progenitors (GMP; Linneg Sca1neg cKit⫹ CD34⫹ CD16/32⫹), and megakaryocyte-erythroid progenitors (MEP; Linneg Sca1neg cKit⫹
CD34neg CD16/32neg). Zfp521 transcript levels were normalized to internal Hprt levels and then to Zfp521 levels in GMP cells. Each
biological replicate was run as three technical replicates. Mouse n ⫽ 2 LT-HSC, 3 ST-HSC, 4 LMPP, 3 CMP, 3 GMP, 3 MEP. Statistics were
generated using one-way analysis of variance (ANOVA). (B) Body weight of 3-week-old Zfp521⫺/⫺ (KO) and control (Ctrl) littermates.
Mouse n ⫽ 21 Ctrl, 23 KO. (C) Weight of bones of 3-week-old Zfp521⫺/⫺ (KO) and control (Ctrl) littermates. Harvested bones include
both hind limbs and forelimbs: tibia, femur, pelvis, radius, and ulna. Mouse n ⫽ 10 Ctrl, 10 KO. (D) Total BM cell numbers in 3-week-old
Zfp521⫺/⫺ (KO) and littermate control (Ctrl) mice. Mouse n ⫽ 23 Ctrl, 25 KO. (E) Representative ﬂow cytometry plots and gating
strategy for identiﬁcation of Linneg cells (left panels) (Lin panel contains B220, CD3, CD11b, Gr1, and Ter119), LSK (middle panels), and
LT-HSC, ST-HSC, and MPP populations (right panels). Numbers indicate frequencies of parental population. Data are representative of
10 Ctrl and 13 KO mice. FITC, ﬂuorescein isothiocyanate; PE, phycoerythrin; APC, allophycocyanin. (F) Frequencies of LSK cells within
Linneg populations. Mouse n ⫽ 10 Ctrl, 13 KO. (G) Total numbers of LSK cells. Mouse n ⫽ 10 Ctrl, 13 KO. (H) Mean ﬂuorescence intensity
(MFI) of surface cKit expression on LSK cells as assessed by ﬂow cytometry. Mouse n ⫽ 7 Ctrl, 9 KO. (I) Transcript expression of cKit
in FACS-puriﬁed LSK cells was determined by qRT-PCR. Transcript levels were normalized to internal Hprt levels and then to Ctrl cKit
levels. Mouse n ⫽ 4 Ctrl, 5 KO. (J) Frequencies of LT-HSC, ST-HSC, and MPP populations within LSK populations. Mouse n ⫽ 10 Ctrl,
13 KO. (K) Numbers of LT-HSC, ST-HSC, and MPP populations. Mouse n ⫽ 10 Ctrl, 13 KO. *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001; ****,
P ⬍ 0.0001.

Linneg Sca1⫹ cKit⫹ CD34⫹ CD135neg), lymphoid-primed multipotent progenitor cells
(LMPP; Linneg Sca1⫹ cKit⫹ CD34⫹ CD135hi), common myeloid progenitors (CMP; Linneg
Sca1neg cKit⫹ CD34⫹ CD16/32neg), granulocyte-macrophage progenitors (GMP; Linneg
Sca1neg cKit⫹ CD34⫹ CD16/32⫹), and megakaryocyte-erythrocyte progenitors (MEP;
Linneg Sca1neg cKit⫹ CD34neg CD16/32neg).
To assess the functional role of ZFP521 in early hematopoiesis, hematopoietic stem
and progenitor populations of Zfp521 knockout (Zfp521⫺/⫺) and Zfp521⫹/⫹ littermate
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control (Ctrl) mice were characterized by ﬂow cytometry. It is important to note that all
Zfp521⫺/⫺ mice die within a few weeks of birth. Thus, our studies were performed using
Zfp521⫺/⫺ and Ctrl mice at 3 weeks of age. Zfp521⫺/⫺ mice are severely runted, having
signiﬁcantly reduced body mass (Fig. 1B) and bone mass (Fig. 1C). This is likely due to
ZFP521’s regulation of adipocytes, osteoblasts, and osteoclasts (10, 13, 15, 30).
Zfp521⫺/⫺ mice exhibit reduced BM cellularity (Fig. 1D). However, the numbers of BM
cells per gram of bone are the same for Zfp521⫺/⫺ and Ctrl mice (data not shown),
suggesting that reduced occupancy space may be responsible in part for the reduction
in BM cellularity.
The frequencies and numbers of HSC-enriched Linneg Sca1⫹ cKit⫹ (LSK) cells were
reduced in Zfp521⫺/⫺ mice (Fig. 1E to G). Interestingly, surface expression and transcript levels of cKit, a key regulator of HSC function (31, 32), were signiﬁcantly
decreased on and in Zfp521⫺/⫺ LSK cells (Fig. 1H and I). The surface expression patterns
of CD34 and CD135, used to phenotypically deﬁne HSC populations, were altered on
Zfp521⫺/⫺ LSK cells relative to those on the Ctrl (Fig. 1E). Frequencies of LT-HSC were
increased, those of ST-HSC were reduced, and multipotent progenitors (MPP; Linneg
Sca1⫹ cKit⫹ CD34⫹ CD135⫹) were unaltered in Zfp521⫺/⫺ BM (Fig. 1J). The numbers of
LT-HSC, ST-HSC, and MPP were all decreased in Zfp521⫺/⫺ mice (Fig. 1K). These results
indicate that ZFP521 plays an important role in early hematopoietic stem and progenitor cell homeostasis.
Zfp521 deﬁciency impacts early BM myeloid and lymphoid progenitor populations. The effects of Zfp521 deﬁciency on early myeloid and lymphoid progenitor
populations were investigated using previously deﬁned stage-speciﬁc surface marker
expression. Common myeloid progenitors (CMP), granulocyte-macrophage progenitors
(GMP), and megakaryocyte-erythrocyte progenitors (MEP) were analyzed from the bone
marrow of 3-week-old Zfp521⫺/⫺ mice and Ctrl littermates by ﬂow cytometry. While
there was no signiﬁcant difference in the frequency of CMP, GMP were signiﬁcantly
increased and MEP were signiﬁcantly decreased in Zfp521⫺/⫺ mice relative to Ctrl
littermates (Fig. 2A and B). However, the numbers of CMP, GMP, and MEP were all
signiﬁcantly reduced in the BM of Zfp521-deﬁcient mice (Fig. 2C).
We next assessed the effects of Zfp521 deﬁciency on lymphoid progenitor cells.
Common lymphoid progenitors (CLP; Linneg cKitint Sca1int interleukin-7 receptor ␣
positive [IL-7R␣⫹]) give rise to all lymphocyte populations but possess limited myeloid
differentiation potential (33). The frequencies and numbers of CLP were signiﬁcantly
reduced in Zfp521⫺/⫺ mice (Fig. 2D and E). A second phenotypically and functionally
distinct subset of early lymphoid progenitors, the Linneg Sca1⫹ cKitneg (LS) population,
has been reported to possess T, B, and NK cell potential but no myeloid potential (34).
Zfp521⫺/⫺ mice possessed increased frequencies and numbers of LS cells (Fig. 2F and
G). Notably, the frequencies of IL-7R␣⫹ cells were reduced in Linneg cKitint Sca1int cell
populations but increased in LS cell populations of Zfp521⫺/⫺ mice (Fig. 2H and I).
Previous reports demonstrated that Ly6D marks B-cell-biased CLP (35). Ly6D⫹ CLP (also
known as B-cell-biased lymphoid progenitors or BLP) were signiﬁcantly reduced in
Zfp521⫺/⫺ mice (Fig. 2J and K). Similarly, frequencies of Ly6D⫹ cells were reduced
within IL-7R␣⫹ LS populations from Zfp521⫺/⫺ mice (Fig. 2J and L). These results
indicate that germ line Zfp521 deﬁciency results in reduced CLP populations and
increased LS populations.
B and T cell progenitor populations are skewed in Zfp521ⴚ/ⴚ mice. Previous
studies have concluded that ZFP521 is a regulator of B lymphopoiesis, largely through
its interactions with EBF1 (22). This mechanism was assessed in cells with exogenously
coexpressed ZFP521 and EBF1, which resulted in direct interactions between the two
proteins. To determine whether Zfp521 and Ebf1 are coexpressed during B lymphopoiesis, we assessed the relative transcripts levels in puriﬁed B cell progenitors from
wild-type (WT) mice (Fig. 3A and B). The total B220⫹ cells and pre-pro-B (Hardy fraction
A [FrA]; Linneg B220⫹ CD43⫹ CD19neg BP1neg), pro-B (FrB; Linneg B220⫹ CD43⫹ CD19⫹
BP1neg/low), early pre-B (FrC; Linneg B220⫹ CD43⫹ CD19⫹ BP1⫹), late pre-B (FrD; B220⫹
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FIG 2 Frequencies of myeloid and lymphoid progenitors are altered in Zfp521-deﬁcient mice. (A) Representative ﬂow plots of CD16/32
and CD34 expression on Linneg Sca1neg Kit⫹ cells in the BM of Ctrl and Zfp521⫺/⫺ (KO) mice. (B) Frequencies of CMP (Linneg Sca1neg
cKit⫹ CD16/32neg CD34⫹), GMP (Linneg Sca1neg cKit⫹ CD16/32⫹ CD34⫹), and MEP (Linneg Sca1neg cKit⫹ CD16/32neg CD34neg) within the
Linneg Sca1neg Kit⫹ population. (C) Numbers of CMP, GMP, and MEP cells. (D and E) Frequencies (D) and numbers (E) of CLP (Linneg
Sca1int cKitint IL-7-R␣⫹) within Linneg cells (n ⫽ 6 Ctrl, 5 KO). (F and G) Frequencies (F) and numbers (G) of LS (Linneg Sca1⫹ cKitneg,
n ⫽ 10 Ctrl, 13 KO) within Linneg populations. (H) Representative histogram of IL-7R␣ expression on Linneg Sca1int cKitint (left panel)
and LS (right panel) cells. Mouse n ⫽ 6 Ctrl, 5 KO. (I) Frequencies of IL-7R␣⫹ cells within Linneg cKitint Sca1int and LS populations. (J)
Representative ﬂow plots of Ly6D expression on Linneg Kitint Sca1int (left column; CLP comprise all IL7R␣⫹ cells in both top left and
top right quadrants of ﬂow plots) and LS cells (right column) in BM of KO (n ⫽ 5) and Ctrl (n ⫽ 6) mice. (K) Frequencies of Ly6D⫹ cells
within CLP populations. Values were determined as percent Ly6D⫹ IL-7R␣⫹ cells of total IL-7R␣⫹ cells as shown in panel I. (L)
Frequencies of Ly6D⫹ cells within the IL-7R␣⫹ LS populations. Mouse n ⫽ 6 Ctrl, 5 KO. *, P ⬍ 0.05; **, P ⬍ 0.01; ****, P ⬍ 0.0001.

CD43neg CD25⫹), immature B (FrE; B220⫹ IgM⫹ IgDneg), and recirculating mature B (FrF;
B220⫹ IgMlow IgD⫹) cells were puriﬁed by ﬂuorescence-activated cell sorting (FACS)
from the BM, and RNA was extracted for subsequent qRT-PCR analysis. Zfp521 transcripts were highest in pre-pro-B cells, with relatively low expression in all other B
progenitor populations (Fig. 3A). In contrast, transcript levels of Ebf1 were low in
pre-pro-B cells and increased with differentiation, reciprocal to Zfp521 levels (Fig. 3B).
Importantly, Zfp521-deﬁcient early B cell progenitors expressed increased amounts of
Ebf1 transcripts (Fig. 3C). These data suggest that ZFP521 negatively regulates the
expression of an integral B cell transcription factor gene, Ebf1, at the transcriptional
level.
The frequencies and total numbers of B220⫹ cells were signiﬁcantly reduced in the
BM of Zfp521⫺/⫺ mice (Fig. 3D and E). Phenotypic analysis of B cell progenitor
populations revealed signiﬁcantly increased frequencies of pre-pro-B cells in Zfp521⫺/⫺
mice (Fig. 3F and I). Frequencies of pro-B (Fig. 3F and I), late pre-B, and immature B (Fig.
3G, H, and J) cells were all reduced. Interestingly, Zfp521⫺/⫺ BM contained higher
September 2018 Volume 38 Issue 17 e00603-17
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frequencies of recirculating mature B cells (Fig. 3H and J). The numbers of pro-B cells
through immature B cells were signiﬁcantly decreased in Zfp521⫺/⫺ mice relative to Ctrl
littermates, while the numbers of recirculating mature B cells were not affected (Fig. 3K
and L). Unlike earlier-stage B cell progenitors in the bone marrow, mature FrF cells
migrate to the periphery prior to reentering the bone marrow niche (36). Thus, the lack
of ZFP521 has minimal effects on B cells that have matured in the periphery, while
ZFP521 deﬁciency impacts earlier stages of B lymphopoiesis in the bone marrow.
We next assessed the consequences of Zfp521 deﬁciency on T lymphopoiesis. The
thymi of Zfp521⫺/⫺ mice were smaller than those of Ctrl littermates and exhibited
signiﬁcantly reduced cellularity (Fig. 4A). Analysis of CD4, CD8, CD25, and CD44 surface
expression on thymocytes revealed a signiﬁcant effect of Zfp521 deﬁciency on T cell
progenitor populations (Fig. 4B). Zfp521⫺/⫺ mice possessed reduced frequencies of
double-positive (DP) thymocytes and increased CD4 single-positive (SP) cells (Fig. 4B
and C). The total number of CD4neg CD8neg (double negative [DN]), CD4⫹ CD8⫹ DP,
CD4⫹ SP, and CD8⫹ SP cells were all signiﬁcantly reduced in Zfp521⫺/⫺ thymi (Fig. 4D).
September 2018 Volume 38 Issue 17 e00603-17
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FIG 3 Zfp521⫺/⫺ mice possess reduced frequencies of early B cell progenitors. (A and B) qRT-PCR of Zfp521 (A) and Ebf1 (B) in total B220⫹ BM cells and pre-pro-B
(Hardy fraction A [FrA]), pro-B (FrB), early pre-B (FrC), late pre-B (FrD), immature (FrE), and recirculating mature B (FrF) cells in wild-type mice. Transcript amounts
were normalized to internal Hprt levels and then to levels in total B220⫹ cells. Statistics were generated using one-way ANOVA. Each biological replicate includes
three technical replicates. Mouse n: B220⫹, 11 (A) or 10 (B); FrA and FrB, 6; FrC and FrD, 5 (A) or 4 (B); FrE and Fr F, 4 (A) or 3 (B). (C) Transcript levels of Ebf1
were measured in FACS-puriﬁed pre-pro-B (FrA), pro-B (FrB), and early pre-B (FrC) cells by qRT-PCR from 3-week-old Zfp521-deﬁcient mice (n ⫽ 2) and control
littermates (n ⫽ 3 to 5). Transcript levels were normalized to internal Hprt levels. Statistics were generated using two-way ANOVA. Each biological replicate
includes three technical replicates. (D and E) Frequencies of B220⫹ cells of singlets (D) and numbers of B220⫹ cells (E) in BM of Zfp521⫺/⫺ (KO) and control (Ctrl)
mice. Cells were gated on Linneg (NK1.1, Ly6C, CD317, CD3e, CD11b, CD11c, Gr1, Ter119) cells. Mouse n ⫽ 10 Ctrl, 9 KO. (F to H) Flow cytometric analysis of
B cell progenitor populations in the BM of Ctrl and KO mice. Mouse n: 4 Ctrl and 4 KO for FrA to FrC, 13 Ctrl and 8 KO for FrD to FrF. (F) Pre-pro-B (FrA), pro-B
(FrB), and early pre-B (FrC) cells, gated on Linneg B220⫹ CD43⫹ BM cells. (G) Late pre-B (FrD) cells were gated on total B220⫹ BM cells. (H) Immature (FrE) and
recirculating mature B (FrF) cells were gated on total B220⫹ BM cells. (I and J) Percent indicated B cell progenitor population of B220⫹ CD43⫹ cells (I) or total
B220⫹ cells (J). (K and L) Numbers of indicated B cell progenitor populations in the BM. *, P ⬍ 0.05; **, P ⬍ 0.01; *** and ###, P ⬍ 0.001;**** and ####, P ⬍ 0.0001.
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FIG 4 Thymopoiesis is altered in Zfp521⫺/⫺ mice. (A) Total numbers of thymocytes in Zfp521⫺/⫺ (KO) and control (Ctrl)
littermates at 3 weeks of age. (B) Representative ﬂow cytometry plots of T cell progenitor subsets. Left, CD4 and CD8
expression in Linneg (B220, NK1.1, Gr1, CD11b) thymocytes. Right, CD44 and CD25 expression within double-negative (DN)
populations (Linneg CD4neg CD8neg): DN1 (CD44⫹ CD25neg), DN2 (CD44⫹ CD25⫹), DN3 (CD44neg CD25⫹), and DN4 (CD44neg
CD25neg). (C and D) Frequencies (C) and numbers (D) of total DN, CD4⫹ CD8⫹ (DP), CD4⫹, and CD8⫹ of Linneg thymocytes. (E
and F) Frequencies (E) and numbers (F) of DN1 to DN4 populations within total DN populations. Mouse n ⫽ 5 Ctrl and 7 KO
mice. **, P ⬍ 0.01.

The earliest T cell precursors proceed through phenotypically deﬁned stages: DN1
(CD44⫹ CD25neg), DN2 (CD44⫹ CD25⫹), DN3 (CD44neg CD25⫹), and DN4 (CD44neg
CD25neg) (37, 38). Zfp521⫺/⫺ mice possessed only slightly higher frequencies of DN2
cells than the Ctrl mice (Fig. 4B and E); however, the numbers of all DN cell populations
were signiﬁcantly reduced in Zfp521⫺/⫺ thymi (Fig. 4F). These data are the ﬁrst to
implicate ZFP521 in T cell development. Because Zfp521-dependent defects largely
occur in the earliest T cell progenitor populations, they may be a consequence of
defective precursor BM cells.
Zfp521 interacts with transcriptional regulators of hematopoiesis. ZFP521 contains numerous potential DNA- and protein-interacting domains, including its 30 zinc
ﬁnger motifs, yet the list of proteins reported to interact with ZFP521 is quite small. To
identify transcriptional regulators that may interact with ZFP521 to regulate lymphopoiesis, we generated a ZFP521:BirAM fusion protein for proximity-dependent biotinylation (BioID) in Ba/F3 cells, a pre-pro-B (FrA)-like cell line that does not express EBF1
(Fig. 5A) (39, 40). A total of 131 proteins were identiﬁed as potential ZFP521-interacting
partners (Fig. 5B; see Table S1 in the supplemental material), including ZFP521 itself and
expected NuRD components (CHD3, Mta1/2/3, and Mbd2/3). Interestingly, ZFP521:
BirAM also biotinylated novel interactive candidates, including the lymphopoiesisassociated transcriptional regulators Cut-like homeobox 1 (CUX1) and IKZF2 (Helios), as
well as the guanine nucleotide exchange factor VAV1 (Fig. 5C) (41–48). Together, these
data deﬁne a new regulatory network consisting of ZFP521 and its extensive interactions with epigenetic and transcriptional regulators in hematopoiesis.
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FIG 5 BioID analysis identiﬁes ZFP521-interacting proteins. (A) ZFP521:BirAM fusion protein. The previously identiﬁed NuRD binding domain and EBF-interacting
domain (EID) are indicated. (B) Network plot of BioID-identiﬁed ZFP521-interacting candidates in Ba/F3 cells. The distance and size of individual prey protein
nodes denote enrichment in BioID experiments, and red strings indicate interactions among prey proteins identiﬁed in previous studies. Each of three
independent biological replicates was analyzed with two technical replicates. (C) Gene ontology (GO) analysis of BioID candidate proteins for enrichment of
cellular components. The top seven cellular component complexes are shown.
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FIG 6 Zfp521 deﬁciency affects HSC transcriptomes, potentially through circulating factors within the BM
microenvironment. (A) The concentration of serum corticosterone was analyzed by ELISA. Mouse n ⫽ 3
littermate controls (Ctrl) and 4 Zfp521⫺/⫺ knockouts (KO). (B and C) LSK cells were sorted from the BM
of KO and Ctrl mice, and RNA was puriﬁed and processed for RNA-seq analysis (n ⫽ 2 mice each). (B)
Principal-component analysis was performed using the top 500 most variable genes. (C) Heatmap
showing 947 genes signiﬁcantly altered (fold change of ⬎2 or ⬍0.5, P value adjusted to ⬍0.1; 728 up and
219 down) in Zfp521⫺/⫺ LSK relative to Ctrl LSK. (D) IPA analysis of upstream regulator candidates.
Cytokines, transmembrane receptors, and transcriptional regulators are shown. Candidates of interest are
labeled, and regulators called activated or repressed by IPA are in bold. (E) Soluble protein concentrations were analyzed in BM ﬂuid from Ctrl (n ⫽ 3) and KO (n ⫽ 4) mice by cytokine array. Trending and
signiﬁcantly upregulated (red) and downregulated (blue) proteins are shown. Statistics were generated
using the Mann-Whitney test. *, P ⬍ 0.05.

Myeloid cell-associated cytokines and transcriptional signatures are elevated
in Zfp521ⴚ/ⴚ BM environments. Elevated stress-related hormones, such as the glucocorticoid corticosterone, reduce the frequency of early lymphocyte progenitor populations (49–51), similar to the phenotypes seen in Zfp521⫺/⫺ mice. Furthermore,
Zfp521⫺/⫺ mice are signiﬁcantly runted and display abnormal behavior, which may
increase the levels of stress hormones (52). However, serum levels of corticosterone
were similar between 3-week-old Zfp521⫺/⫺ mice and Ctrl littermates (Fig. 6A). Thus,
stress-induced corticosterone is not the driver of reduced lymphoid progenitors in
Zfp52-deﬁcient mice.
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To determine candidate pathways and molecules that may instigate the altered
phenotype of Zfp521⫺/⫺ LSK cells, we performed RNA-seq analysis. Principalcomponent analysis (PCA) was performed to assess relationships between biological
replicates (Fig. 6B). A total of 947 genes exhibited signiﬁcantly changed expression in
Zfp521⫺/⫺ LSK cells relative to the Ctrl (Fig. 6C). Of these, 728 genes were upregulated
and 219 were downregulated. Ingenuity pathway analysis (IPA) was performed to
identify upstream regulators potentially driving the gene expression changes (Fig. 6D).
Expression of multiple cytokines and cytokine receptors was increased (e.g., gamma
interferon [IFN-␥], IL-6, IL-21, IL-1␤ and IFNAR1 [Fig. 6D, in bold]) or decreased (e.g.,
IL-32). Additionally, transcriptome signatures were enriched for key hematopoietic
transcription factors, including CEBP␣, SPI1 (PU.1), GATA1, and GATA2. Notably, many
of these cytokines and transcription factors induce myelopoiesis and suppress lymphopoiesis (e.g., IL-6, IL-1␤, CEBP␣, SPI1, and GATA1) (53–56).
To detect microenvironmental mediators that could be potentially responsible for
the transcriptional changes seen in Zfp521⫺/⫺ LSK cells, relative amounts of 36 cytokines and chemokines in Ctrl versus Zfp521⫺/⫺ BM ﬂuids were measured (Fig. 6E). Of
the assayed proteins, ﬁve were signiﬁcantly increased or trending toward increase
(granulocyte colony-stimulating factor [G-CSF], IL-1␤, IL-9, IFN-␥, IL-17A, tumor necrosis
factor alpha [TNF-␣]), and four were signiﬁcantly decreased or trending toward decrease (LIF, MIP-1a, MCP-3, eotaxin) in BM supernatants of Zfp521⫺/⫺ mice. The cytokine
array largely correlated with the RNA-seq IPA analysis, which suggested increased levels
of myeloid cell-polarizing cytokines. IPA predicts activation of IL-1␤ pathways in LSK
cells; this conclusion is supported by the increased IL-1␤ levels that were observed in
the BM ﬂuids of Zfp521⫺/⫺ mice. Additionally, IPA suggests that LIF is inhibited in LSK
cells by the lack of ZFP521. Indeed, LIF protein trended toward reduced levels in BM
ﬂuids from Zfp521-deﬁcient mice. Most notably, G-CSF increased (nearly signiﬁcantly) in
the BM of Zfp521⫺/⫺ mice and its downstream pathway is activated (gene name, CSF3)
in Zfp521⫺/⫺ LSK cells. G-CSF has previously been shown to suppress B cell development (57), and G-CSF-mediated reductions in B cell progenitors largely resemble the
phenotypes observed in Zfp521⫺/⫺ BM. Together, these data support a model in which
Zfp521 deﬁciency results in altered cytokine and chemokine levels in the BM. In turn,
these changes in the BM microenvironment inﬂuence hematopoiesis and the resulting
hematopoietic cell functions.
DISCUSSION
Much research has been devoted to exploring ZFP521 as a potential regulator of B
cell development through its putative inhibition of EBF1. Previous experimental studies
employed overexpression of wild-type or mutant ZFP521 protein or short hairpin RNA
(shRNA)-mediated knockdown of endogenous Zfp521 transcripts to modulate ZFP521
in B cells. Other studies have linked overexpression of Zfp521 with murine and human
B cell leukemogenesis. These studies have advocated a role for ZFP521 in the negative
regulation of B cell development via inhibition of EBF1, potentially through direct
protein-protein interactions.
Here, we report that mice with germ line disruption of Zfp521 exhibit reductions in
the frequency and number of early hematopoietic stem and progenitor cells, including
lymphoid progenitor populations. Speciﬁcally, Zfp521⫺/⫺ HSC populations are reduced,
express reduced levels of cKit, and exhibit altered expression of CD34 and CD135,
which are used to phenotypically classify LT-HSC, ST-HSC, and MPP populations.
Zfp521⫺/⫺ mice possess increased frequencies of GMP and reduced frequencies of MEP.
Additionally, LS lymphoid progenitors are increased, while CLP are reduced.
Zfp521⫺/⫺ mice contain increased frequencies of the earliest B cell progenitor
population: pre-pro-B cells. Interestingly, the frequencies of successive B cell progenitor
populations (pro-B through immature B) in the BM of Zfp521⫺/⫺ mice are reduced up
until the recirculating mature B cell stage; at this stage, the populations have expanded
in the periphery and returned to the BM (36). T cell progenitor populations were also
altered in Zfp521⫺/⫺ mice. Notably, the CD4⫹ CD8⫹ DP population of thymocytes was
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signiﬁcantly reduced in frequency and number in Zfp521⫺/⫺ mice. Whether the reductions in lymphoid progenitor populations are due to cell death, altered expression of
surface markers used to deﬁne these populations, selective developmental arrest,
accelerated development, or a combination of cellular responses or reﬂect real defects
present in their precursor progenitor populations remains to be determined.
Importantly, the Zfp521 expression pattern in hematopoiesis is reciprocal to that of
Ebf1 expression. Therefore, simultaneous expression of Zfp521 and Ebf1 is limited and
quite disproportional, restricting the lymphocyte progenitor populations in which these
two transcriptional regulators potentially interact. Although bone marrow reconstitution assays indicated that the competitive or repopulation potential of Zfp521-deﬁcient
BM was slightly reduced (data not shown), we did not detect a signiﬁcant reduction in
the ability of Zfp521⫺/⫺ donor BM to generate B or T cells in wild-type recipients.
Furthermore, in vitro B and T cell differentiation assays did not reveal cell-intrinsic
defects in the ability of Zfp521⫺/⫺ LSK cells to differentiate into either of these
lymphoid lineages (data not shown). These data are in contrast with our observations
in primary Zfp521⫺/⫺ mice, which exhibit signiﬁcantly altered frequencies and numbers
of B and T cell progenitors. Thus, while we cannot rule out cell-intrinsic regulation of
early hematopoiesis and lymphopoiesis by ZFP521, our data suggest the importance of
ZFP521 for extrinsic mechanisms acting upon blood development in the BM niche.
Mechanisms for the regulation of hematopoiesis by ZFP521 likely include contextspeciﬁc interactions with other transcription factors and regulatory proteins. Previous
studies revealed very little in this regard, with the notable exceptions of EBF1 and NuRD
complexes (14). In this study, we used proximity biotinylation to identify novel interactions between ZFP521 and factors, including the hematopoiesis-associated proteins
CUX1, Helios, and VAV1. Notably, transcripts encoding each of these factors are
expressed in hematopoietic stem cells, which also express high levels of Zfp521
transcripts (58). ZFP521 is overexpressed in B cell leukemias (1–3, 5, 6), and thus further
studies will be required to evaluate interactions between ZFP521 and these transcriptional regulators in the context of leukemia or lymphomagenesis.
Cell-extrinsic regulation of hematopoiesis is mediated through cell-cell interactions
between hematopoietic cells and local niche cells, as well as through soluble factors,
such as cytokines, chemokines, and hormones. It is notable that increased levels of
stress hormones, including glucocorticoids, have been reported to reduce the numbers
of intermediate-stage B and T cell progenitors (49–51). Although this phenotype
strikingly resembles that of our Zfp521⫺/⫺ mice, corticosterone levels were not elevated
in the serum of Zfp521-deﬁcient mice.
Transcriptomes of the HSC-enriched LSK population in Zfp521-deﬁcient mice displayed signiﬁcant changes relative to Ctrl LSK. Notably, many pathways downstream of
cytokines and cytokine receptors were identiﬁed as activated or inhibited by IPA.
Indeed, the levels of many of these soluble protein candidates were signiﬁcantly
changed in Zfp521⫺/⫺ BM microenvironments. Although many of the changes in
cytokine levels appear small, it is important to note that these assays measured the
mean protein expression across the entire BM compartment. Many of these soluble
mediators function in gradients and/or a paracrine fashion. Thus, small changes in
mean protein levels may represent large changes within distinct microenvironments.
Strong correlations between the RNA-seq data and protein arrays strongly support
elevated levels of the myeloid cell-promoting cytokines IL-1␤, G-CSF, IFN-␥, and IL-17
and increased signaling through corresponding receptors in the HSC-enriched LSK
compartment. Furthermore, IPA identiﬁed transcriptome signatures of key myeloid
cell-associated transcription factors, including GATA1, CEBP␣, and PU.1. However,
whether these cytokines are directly regulated by ZFP521 or whether they are causative
of the hematopoietic phenotypes observed remains to be determined. For example,
the increased amounts of G-CSF may be a consequence of increased IL-1 signaling (58).
It is notable that two proinﬂammatory cytokines, IFN-␥ and IL-17, were signiﬁcantly
elevated in the absence of ZFP521. Upregulation of IFN-␥ and that of IL-17 have each
been linked with reduced hematopoietic stem cell function and increased myelopoiesis
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(59, 60). IFN-␥ is associated with reduced erythropoiesis (61), which is supported by our
detection of increased and decreased frequencies of GMP and MEP, respectively, in
Zfp521-deﬁcient mice.
Previous reports utilizing competitive BM transplants (BMT) of whole fetal liver cells
from Zfp521⫺/⫺ or Ctrl mice showed a slight reduction in donor chimerism and reduced
myeloid reconstitution of Zfp521⫺/⫺ donors in primary BMT recipients (20). We similarly
report that myeloid progenitor populations are altered in 3-week-old Zfp521⫺/⫺ mice.
However, our BMT assays indicated no effects of Zfp521 deﬁciency on lineage skewing
(data not shown). We demonstrate that ZFP521 functions in both cell-intrinsic and
-extrinsic capacities. With regard to cell-extrinsic inﬂuences, the niche compartments
differ between those of fetal liver hematopoietic progenitors and BM-resident hematopoietic progenitors of 3-week-old mice, which may account for the differences
observed between these studies. Importantly, results demonstrating that long-term
lymphoid reconstitution is unaffected by Zfp521 deﬁciency (20) support our conclusion
that ZFP521 regulation of lymphopoiesis is largely cell extrinsic.
Finally, many of the cytokines identiﬁed in the cytokine array are produced and
secreted by BM niche cells, including osteoclasts and osteoblasts (60–69). The developmental progression and function of these niche cells are known to be regulated by
ZFP521, and their frequencies and function are altered in Zfp521⫺/⫺ mice (14–17, 30).
Collectively, our data support a model in which ZFP521 regulates functions of BM niche
cells, including osteoblasts and osteoclasts, resulting in altered cytokine and chemokine
production by these cells. In turn, these cytokines inﬂuence the fates and functions of
the niche cells themselves, as well as surrounding hematopoietic stem and progenitor
populations. To address mechanisms contributing to these observations, future studies
will utilize high-throughput mRNA sequencing to interrogate ZFP521-dependent
changes in transcriptomes of various BM niche cells, as well as chromatin immunoprecipitation sequencing (ChIP-seq) to identify direct targets of ZFP521 in vivo.
MATERIALS AND METHODS
Mice. Zfp521tm2NgC (Zfp521⫺/⫺) mice and PCR screening for wild-type and deleted (knockout) alleles
were described previously (13). Zfp521⫹/⫺ mice were maintained on a mixed 129S1/SvImJ.C57BL/6NHsd
background or fully crossed onto the 129S1/SvImJ.C57BL/6NHsd background. Because genetic
background-speciﬁc effects on the Zfp521⫺/⫺ phenotype were noted, only Zfp521⫺/⫺ agouti and
Zfp521⫹/⫹ WT (Ctrl) agouti littermates were used in our assays. All mice were bred and housed in the
pathogen-free Biological Resources Center of National Jewish Health. All experiments were performed
with prior approval of the National Jewish Health Institutional Animal Care and Use Committee.
Flow cytometry. Thymus and BM (tibia, femur, hipbone, humerus, radius, and ulna from both front
and back legs) were harvested from 3-week-old Zfp521⫺/⫺ mice or WT littermates. Single-cell suspensions were hemolyzed and used for ﬂow cytometry using the LSR Fortessa and FACS using MoFlo XDP
(Beckman Coulter) and SY3200 (Sony) cell sorters. Data analysis was performed using FlowJo software
(TreeStar). Information regarding antibodies is located in Table S2 in the supplemental material. DAPI
(4=,6-diamidino-2-phenylindole) was used for dead cell exclusion.
RNA isolation, cDNA synthesis, and qRT-PCR. Hematopoietic progenitor cell cDNA was generated
from cells as described previously (62). Brieﬂy, LT-HSC, ST-HSC, MPP, GMP, and MEP were FACS puriﬁed
using a BD FACSAria (BD Biosciences). LSK and B cell progenitors were puriﬁed using a SY3200 (Sony) cell
sorter. RNA was extracted using the Qiagen RNeasy micro kit, and single-strand DNA was generated
using SuperScript reverse transcriptase II (Invitrogen). qRT-PCR was performed using SYBR green (Applied
Biosystems) reagent and analyzed using an Applied Biosystems 7300 real-time PCR system. Primer
sequences were as follows: Hprt fwd, 5=-GGGGGCTATAAGTTCTTTGCTGACC-3=; Hprt rev, 5=-CCTGTATCC
AACACTTCGAGAGGTCC-3=; Zfp521 fwd, 5=-GGTGTTTGAGTCACTGAGCGACATC-3=; Zfp521 rev, 5=-CCTCTC
CGAAATCACACCCTTCTC-3=; Ebf1 fwd, 5=-GCCTTCTAACCTGCGGAAATCCAA-3=; Ebf1 rev, 5=-GGAGCTGGA
GCCGGTAGTGGAT-3=; cKit fwd, 5=-AAGGGGACACATTTACGGTGG-3=; and cKit rev, 5=-TCCAGAATCGTCAA
CTCTTGCC-3=.
Proximity-dependent biotinylation (BioID). Full-length cDNA sequences, including the Zfp521
open reading frame (ORF), were PCR ampliﬁed using primer sequences 5=-TTAGGGGATCCACCATGTCTC
GCCGCAAGCAAGCGAAACC-3= and 5=-GAAATGTCGACACTGCTGTGCTGAGTCATCGTATGATTCTG-3=, the
product was cut with BamHI and SalI, and the fragment was cloned into a retroviral MigR1 vector between
BglII and XhoI sites, resulting in the fusion of BirAM (62) to the C terminus of ZFP521. For a control protein,
we employed BirAM harboring the nuclear localization signal (NLS) from simian virus 40 (SV40) on its N
terminus. Vectors were cotransfected with pCMV-VSVG into Phoenix cells using X-tremeGene HP DNA
transfection reagent (Roche) according to the manufacturer’s protocol. Conditioned medium was harvested
2 days after the transfection and used as virus supernatant. Infection of virus into Ba/F3 cells was performed
by spin infection (1,800 ⫻ g, for 90 min, at 32°C). Three days after the transduction, green ﬂuorescent
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protein-positive (GFP⫹) cells were sorted by using the FACSAria III (BD Biosciences) and grown in RPMI
medium supplemented with 10% heat-inactivated fetal calf serum (FCS), 10 mM pyruvate, 50 g/ml
gentamicin, and 50 M ␤-mercaptoethanol (␤-ME). As described previously (63), when 70% conﬂuence was
reached in 150-mm culture ﬂasks, 50 M biotin (Sigma-Aldrich B4501-1G) was spiked into the medium. Cells
were incubated for a maximum of 24 h at 37°C. Approximately 100 million cells were pooled, washed twice
with ice-cold phosphate-buffered saline (PBS), ﬂash frozen in liquid nitrogen, and stored at ⫺80°C until
analysis. Cells were lysed in 10 ml lysis buffer (25 mM Tris HCl [pH 7.6], 150 mM NaCl, 1% sodium deoxycholate,
0.1% SDS, protease, and phosphatase inhibitor cocktail tablets [Thermo Scientiﬁc; 88669]), benzonase nuclease (Sigma; E1014-5KU) was added to a ﬁnal concentration of 25 U/ml, and the mixture was sonicated and
incubated for an hour on an end-over-end rotator at 4°C. Samples were then transferred into a centrifugation
tube and spun at 4°C and 16,000 rpm for 30 min to remove cell debris. Streptavidin-Sepharose beads (GE
Health Care; 17-5113-01) (30 l of packed bead volume) were washed and equilibrated in the lysis buffer
before being added to cell lysates and incubated at 4°C and 2,000 rpm for 3 h to induce effective conjugation
of biotin and streptavidin. The beads were then washed three times with 50 mM ammonium bicarbonate to
reduce nonspeciﬁc binding, followed by two washes to remove any traces of detergents. The beads were
resuspended in 50 mM ammonium bicarbonate with 2 l of 1 g/l trypsin (⬃20 U) (Thermo Scientiﬁc;
reference no. V5113), the tubes were sealed, and samples were incubated overnight at 37°C on an end-overend rotator. One microliter of 1 g/l trypsin was added again the next day to achieve effective trypsinization.
The supernatant was saved in a fresh tube, and the beads were washed with fresh 50 mM ammonium
bicarbonate and later pooled. The digests were then dried in a vacuum dryer (Savant SPD 1010).
BioID data analysis. Proteome Discoverer (Thermo Scientiﬁc; version 1.3) was used for protein
identiﬁcation and quantitation with the SEQUEST algorithm (Thermo Fisher Scientiﬁc, San Jose, CA;
version 1.4.0.288) and X! Tandem (CYCLONE; version 2010.12.01.1). Trypsin was chosen as the enzyme,
allowing up to two missed cleavages; phosphorylation of serine, threonine, and tyrosine residues,
oxidation of methionine residue, and acetylation of protein N terminus were selected. The searches were
performed with a precursor ion mass tolerance of up to 10 ppm and a fragment ion mass tolerance of
0.6 Da. The database search was performed against the complete mouse database from UniProt (85,828
entries). All searches were done against a decoy database with a false discovery rate (FDR) of less than
0.01. The minimum peptide length considered was 6, and the FDR was set to 0.01 for both proteins and
peptides. Data analysis was achieved using Trans-Proteomic Pipeline (TPP) software (64) from the ProHits
software suite (65). Vendor-speciﬁc, Thermo “.raw” ﬁles were converted into open-format “.mzXML” ﬁles
using ProteoWizard (66), and database searches were performed by Comet (67). Proteins identiﬁed with
a ProteinProphet cutoff of 0.85 (corresponding to ⱕ1% FDR) and with ⱖ2 unique peptides were analyzed
with SAINT Express v.3.3. Each biological replicate was analyzed using two technical replicates. Data were
compared to six controls (three biological and three technical replicates) with BirAM conjugated to NLS
collapsed to the two highest spectral counts for each prey. A Bayesian FDR of 0.02 (corresponding to a
SAINT score of ⬃0.80) was used as a cutoff to deﬁne high-conﬁdence interactors. ProHits Lite (version
3.0.3) was run on Linux Fedora virtual machine in Oracle VMware (version 5.0.2 r 102096). Output from
TPP for each sample served as input to the ProHits Analyst stand-alone application. The sample ﬁles were
uploaded according to their respective baits, and experiments were analyzed. The search results were further
analyzed using a statistical tool, SAINT, with 5,000 iterations, a 1-min fold, and low mode off, along with
normalization to calculate interaction conﬁdence scores, which were also integrated into ProHits.
MS analysis. Each sample with three biological replicates was run in duplicate. The dried samples
were reconstituted in 0.1% formic acid, and the peptide concentration was measured using a Nanodrop
instrument (ND 2000; Thermo Scientiﬁc). Mass spectrometric (MS) analysis was performed on a reversephase nano-liquid chromatograph coupled online to an LTQ Orbitrap Velos Pro MS (Thermo Fisher
Scientiﬁc, Inc.). Each of the samples was separated using an Agilent 1200 Easy-nLC system (Agilent
Technologies) with a nano-electrospray ion source (Proxeon). The peptides were trapped using a
precolumn (NS-MP-10 Biosphere C18; 5-m particle size, 120 Å, 100 m by 20 cm), and separated on a
column (NS-AC-10 Biosphere C18; 5-m particle size, 120 Å, 75 m by 10.2 cm). A linear gradient from
2% to 35% buffer B (0.1% formic acid in acetonitrile) against buffer A (0.1% formic acid in water) was
carried out with a constant ﬂow rate of 300 nl/min and then eluted using a 120-min gradient. Full-scan
MS spectra were acquired in positive-mode electrospray ionization with an ion spray voltage of 2.4 kV,
a radio frequency lens voltage of 69, and a capillary temperature of 235°C. This was acquired over an m/z
of 390 to 2,000 Da at a resolution of 60,000, and the top 20 intense ions were selected for tandem MS
(MS/MS) under an isolation width of 1 m/z unit with a minimum ion count of 100 for activation. A
collision energy of 35 was used to fragment the ions in the collision-induced dissociation (CID) mode. The
selected masses were included in a dynamic exclusion list for 30 s with a repeat duration of 30 s, and an
abundance threshold of more than 500 counts was considered.
Corticosterone assay. Blood was obtained from 3-week-old Zfp521⫺/⫺ and Ctrl littermates via
submandibular bleed. Microtainer tubes (BD Biosciences) were used for serum separation. Serum corticosterone levels were analyzed using the DetectX corticosterone enzyme immunoassay kit (Arbor Assays).
RNA-seq analysis. BM was harvested from Zfp521⫺/⫺ mice and Ctrl littermates, and Linneg cKit⫹
Sca1⫹ (LSK) cells were FACS puriﬁed. Total RNA was isolated using an RNeasy Micro kit (Qiagen, Hilden,
Germany) according to the manufacturer’s recommendations. Libraries were constructed using NuGEN=s
Ovation Ultralow Library systems (NuGEN Technologies, San Carlos, CA) and subsequently subjected to
76 cycles of NextSeq500 sequencing (Illumina, San Diego, CA). Adapters were trimmed, low-quality bases
and reads of ⬍30 bp were removed using ea-utils v1.05. FastQC (v0.11.5) analysis was performed to
ensure the quality of data. Reads were mapped to the genome using Tophat2 v2.1.1 using reference
genome UCSC mm10. Mapped reads with a mapping quality of ⬍10 were removed using samtools v1.5,
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and coordinates were sorted using PICARD v2.9.4. Genes were quantiﬁed using HTSeq v0.8.0, and reads
per kilobase of transcript per million mapped reads (RPKMS) were normalized to exonic gene length
using a custom R script. A PCA plot was generated using DESeq2 to get variance-stabilized counts, and
the top 500 most variable genes were used for the PCA plot. Differential gene expression analysis was
performed using DESeq2 (fold change of ⬎2 or ⬍0.5; Benjamini-Hochberg procedure-corrected adjusted P
value [Padj] of ⬍0.1). Heatmaps were generated using pheatmap package v1.0.8 (68) in R v3.3.2 (69). Values
were normalized for each gene by centering the value on the mean of the RPKMS and scaling by the standard
deviation. Candidate pathways activated or inhibited in Zfp521⫺/⫺ LSK cells were analyzed using Ingenuity
Pathway Analysis v01-08.
Cytokine analysis. To obtain BM ﬂuid, tibias and femurs were collected from 3-week-old Zfp521⫺/⫺
mice and Ctrl littermates. The bones were crushed in 300 l 0.5% bovine serum albumin (BSA)-PBS, and
the supernatant was collected into tubes. All samples were normalized to a total volume of 350 l,
centrifuged at 1,200 rpm for 5 min to pellet the cells, and then stored at ⫺80°C. For cytokine
measurement, BM ﬂuid was thawed and clariﬁed by spinning at 12,000 ⫻ g for 10 min. Twenty-ﬁve
microliters of BM ﬂuid was subsequently diluted 1:1 with assay diluent and incubated on a Mouse
ProcartaPlex 36-plex panel 1A array (Thermo Fisher) according to the manufacturer’s instructions.
The array was analyzed on a MAGPIX (Luminex Corporation) instrument, and cytokine concentrations
were determined based on standard curves run on the same plate for each analyte.
Statistical analysis. Statistical signiﬁcance was determined using the Mann-Whitney test, unless
otherwise indicated. A minimum of three replicates was used to calculate P values. Data are reported as
means ⫾ standard deviations (SD) (GraphPad Prism).
Accession number(s). RNA sequencing data have been deposited in the Gene Expression Omnibus
database under the accession code GSE113543.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/MCB
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