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SETD7 promotes lateral plate mesoderm formation
by modulating the Wnt/B-catenin signaling pathway

Ding Wang,'® Yapu Li,"* Changlu Xu,'® Hongtao Wang,"-® Xin Huang,'-® Xu Jin,"? Sirui Ren,'? Jie Gao,'-?

Jingyuan Tong, ' Jinhua Liu,"-® Jiaxi Zhou,'-® and Lihong Shi'?34.*

SUMMARY

The role of SET domain containing 7 (SETD7) during human hematopoietic develop-
ment remains elusive. Here, we found that deletion of SETD7 attenuated the gen-
eration of hematopoietic progenitor cells (HPCs) during the induction of hemato-
poietic differentiation from human embryonic stem cells (hESCs). Further analysis
specified that SETD7 was required for lateral plate mesoderm (LPM) specification
but dispensable for the generation of endothelial progenitor cells (EPCs) and
HPCs. Mechanistically, rather than depending on its histone methyltransferase ac-
tivity, SETD7 interacted with B-catenin at lysine residue 180 facilitated its degrada-
tion. Diminished SETD7 expression led to the accumulation of B-catenin and the
consequent activation of the Wnt signaling pathway, which altered LPM patterning
and facilitated the production of paraxial mesoderm (PM). Taken together, the find-
ings indicate that SETD7 is related to LPM and PM patterning via posttranslational
regulation of the Wnt/p-catenin signaling pathway, providing novel insights into
mesoderm specification during hematopoietic differentiation from hESCs.

INTRODUCTION

Human pluripotent stem cells (hPSCs) have the capacity to differentiate into cells of all three embryonic
germ layers with indefinite self-renewal ability. In vitro generation of various blood cells from hPSCs pro-
vides a promising alternative strategy to overcome the critical shortage of blood supply and to meet the
increasing demands of blood cells. Over the past decades, considerable advances have been made to
develop various strategies to optimize conditions for hematopoietic differentiation of hPSCs.'™ In general,
the key steps related to hPSCs differentiation toward the hematopoietic lineage consist of mesodermal
lateralization, endothelial progenitor cell (EPC) specification, and generation of hematopoietic progenitor
cells (HPCs)."® Such an hPSCs differentiation process could be monitored by detecting the cells at each
differentiation stage with specific cell surface marker(s), including APLNR" (apelin receptor) for lateral plate
mesodermal (LPM) cells, CD31"CD34" for EPCs and CD43" for HPCs.> "2 Despite great advances, the mo-
lecular mechanisms underlying the hematopoietic differentiation of hPSCs have yet to be fully elucidated.

Mesoderm is conventionally segregated into axial mesoderm, which organizes the axis of the body; para-
xial mesoderm (PM), which forms somites and differentiates into muscle, bone and dermis; and LPM, which
contributes to the formation of blood, heart and cardiovascular circulatory system, limb bud, and kid-
neys.'>'®> Accumulating evidence shows that mesodermal patterning requires the tight orchestration of
a variety of signaling pathways, including Wnt/B-catenin,'®"” TGFB/BMP,'®?° FGF,”"?? etc. For example,
the Wnt signaling pathway dictates the patterning of human PM vs. LPM by promoting PM and concomi-
tantly repressing LPM.”* However, a high level of BMP signaling in the ventral domain is pivotal for LPM
formation.”?> Additionally, the FGF signaling pathway, by controlling Brachyury (T) and TBXé expression,
also plays an integral role in mesoderm patterning,”® and loss of FGF signaling in many vertebrate species
results in a deficiency of PM induction.”’~*" Although it is known that these signaling pathways interact with
each other through temporal and spatial crosstalk and are highly coordinated to ensure proper mesoderm

specification,”®***? it is still unclear how they are orchestrated during hematopoietic development.

Epigenetic regulation serves as another key player in inducing hematopoietic differentiation of hPSCs.***
Inhibiting EZH2 directs human embryonic stem cell (hESC) differentiation to the mesoderm and generates
more mesenchymal stem/stromal cells.** Loss of ezh1 promotes a developmental shift from arterial to he-
mogenic fate in the dorsal aorta in zebrafish.”” Reduced expression of EZH1 robustly favors lymphoid
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Figure 1. Dynamic expression of epigenetic modification genes during hematopoietic differentiation induced from hESCs
(A) Schematic illustration of the strategy for inducing hematopoietic differentiation from hESCs in vitro. APLNR™ LPM cells, CD317CD34" EPCs and CD43"
HPCs were monitored by morphology, immunofluorescence and flow cytometry during hematopoietic differentiation. Scale bars, 20 um.

(B) Heatmap showing the dynamic expression of histone methyltransferase genes (42 genes) during hematopoietic differentiation (scaled by row). (n = 3).
(C) RT-gPCR assay showing the relative expression of SETD7 in hESCs and FACS-sorted cells as indicated. (n = 3). Data are means + SD.

differentiation potential but has a limited impact on erythroid-myeloid potential during hematopoiesis in-
duction from induced pluripotent stem cells (iPSCs).”® However, the interplay between epigenetic regula-
tors and signaling pathways during hematopoietic differentiation has not been fully characterized.

SET domain containing 7 (SETD?) (also known as SET7/9, KMT7, SET7, and SET9), isolated from nuclear ex-
tracts of Hela cells, was originally recognized as a lysine-specific methyltransferase for monomethylates
histone 3 lysine 4 (H3K4me1) through a Su (var) 3-9, nhancer-of-zeste and trithorax (SET) domain 39.%7*
Recently, a growing body of studies has shown that SETD7 can also methylate various nonhistone sub-
strates, such as P53,%? ERa,”® YAP,** TAF-10,*> and STAT3,%® to modulate the DNA damage response,
RNA polymerase ll-dependent gene transcription, cell cycle, chromatin modulation, and cell differentia-
tion. To date, except for the critical roles in cardiac differentiation,”” little is known about the role of
SETD7 in hematopoietic differentiation derived from hESCs.

In this study, we revealed that depletion of SETD7 expression during hematopoietic differentiation derived
from hESCs diminishes the generation of HPCs. Further analysis with temporally induced knockdown of
SETD?7 specified that SETDY restricted its roles in the patterning of LPM. Mechanistically, we found that
SETD7 modulates the Wnt signaling pathway by binding to B-catenin and thereby facilitating its degrada-
tion, which ultimately favors LPM formation at the expense of PM production.

RESULTS

SETD7 expression peaks in APLNR* LPM cells during the induction of hematopoietic
differentiation from hESCs

hESCs were subjected to hematopoietic differentiation in a previously described chemically defined sys-

tem,*>*® which is capable of closely recapitulating primitive hematopoiesis. As shown in Figure 1A, during
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hematopoietic differentiation, hESCs exited from the pluripotent state and differentiated into the APLNR™
LPM atday 2. Then, specification of CD31*CD34"* EPCs occurred at day 5 and, ultimately, the emergence of
CD43" cobble-stone-like HPCs occurred at day 8 of differentiation. This hematopoietic differentiation pro-
cess was also monitored with immunofluorescent staining.

Although epigenetic regulation plays a critical role during cell fate decisions,*” the functions of epigenetic
modifications during hematopoiesis derived from hESCs remain incompletely understood. To identify the
key epigenetic regulators affecting hematopoietic differentiation, we extracted the epigenetic modifiers
directly involved in the DNA and histone epigenetic modifications and profiled their expression, utilizing
our previously published time-course, high-throughput transcriptome data from cells differentiated at
days 0, 2, 5, and 8 of hematopoietic differentiation.”*® Based on their expression patterns, nearly all of
these genes were dynamically expressed during differentiation. Some epigenetic modifiers, such as
SETD7, SETD8, and SMYD2, were expressed at low levels at the hESC maintenance stage but increased
at higher levels upon LPM generation (Figure 1B). In contrast, SETDB2, RPMT5, and CXXC1 were highly ex-
pressed during hESC self-renewal and were gradually downregulated during differentiation (Figure 1B).
Among them, SETD7 was listed as the top dynamically expressed epigenetic gene by comparing its
expression at day 2 to 0 as well as day 2 to day 5-8 (Figure 1B).

To further clarify the expression of SETD? at each differentiation stage during hematopoietic development
induced by hESCs, we FACS-sorted APLNR" LPM cells, CD31*CD34" EPCs, and CD43" HPCs at days 2, 5,
and 8 and performed RT-qPCR. Consistently, SETD7 expression was low in hESCs, peaked at the meso-
derm lateralization stage and began to be downregulated in EPCs and HPCs (Figure 1C). In accordance
with it, we also found the expression of SETD7 in mesoderm during in vivo embryonic development of hu-
mans and mice based on previous studies (Figures S1A and S1B).*”*° Collectively, this result suggests that
SETD7 might be important for mesoderm lateralization and hematopoietic lineage commitment.

Deletion of SETD7 impairs hematopoietic differentiation

To reveal the potential function of SETD7 in hematopoietic lineage commitment during hESC differentia-
tion, we deleted SETD7 expression using the lentiviral-mediated CRISPR/Cas9 genome editing system,
with guide RNA sequences targeted in exon 2 (Figure 2A). Based on the single-cell colonies, we established
two SETD7 '~ cell lines (SETD7 '~ #1 and #2) that harbored SETD7 mRNA frameshifts with consequently
impaired expression (Figures 2B and S1C). Both of the genetically engineered SETD7~/~
tained typical hESC morphology (Figure S1D). Transcriptomic analysis indicated that SETD7 deletion did
not alter the total expression of pluripotency genes, including core pluripotency genes such as POU5F1,
NANOG, and SOX2 (Figures STE-S1H). Thus, SETD7 deletion does not evidently influence pluripotency.

cell lines main-

We then induced wild-type (WT) and SETD7~/~ cells to undergo hematopoietic differentiation. On day 2 of
differentiation, we observed that SETD7 deletion significantly reduced the average production of APLNR™
LPM cells from 45.60% to 27.60%. With differentiation processing, we further detected decreased gener-
ation of CD317CD34" EPCs and CD43* HPCs, from 10.30% to 3.55% and 30.10%-9.50%, respectively
(Figures 2C-2E). In line with the reduced frequencies, we found that the numbers of APLNR* LPM cells,
CD317CD34" EPCs, and CD43" HPCs were significantly decreased upon SETD7 deficiency (Figures 2C—
2E). We further excluded the possibility of the reduced cell number arising from cell apoptosis and cell-cy-
cle arrest (Figures STI-S1L).

To reveal the underlying biological processes contributing to the hematopoietic differentiation defects
upon SETD7 depletion, we performed RNA sequencing (RNA-seq) from the differentiated cells harvested
on day 8. Indeed, we detected that the expression of hematopoiesis functional gene categories was down-
regulated in SETD7~/~ cells (Figure STM). To support this hypothesis, we carried out a colony-formation
assay on HPCs at day 12 of differentiation and revealed that SETD7 depletion significantly attenuated
the clonogenic capacities of CFU-E (Figure 2F). These results suggest that SETD7 is involved in inducing
hematopoietic differentiation from hESCs.

SETD?7 is indispensable for generating LPM cells but not EPCs and HPCs

SETD?7 deletion attenuated EPC specification and HPC generation. However, it remained unclear whether
it was directly involved in such processes or was the consequence of defects inherited from LPM cells. To
clarify, we introduced a doxycycline (Dox)-dependent inducible shRNA system to hESCs and generated
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Figure 2. Deletion of SETD7 does not influence the pluripotency of hESCs

(A) Schematic illustration of the strategy to target SETD7 exon 2 by CRISPR/Cas9 technology. E2G1 and E2G2 refer to two sgRNAs with targeting sequences
(red) and protospacer adjacent motifs (PAMs) (green).

(B) Western blot showing the expression of SETD7 in WT, SETD7~/~ #1 and #2 cell lines. GAPDH served as the loading control.

(C-E) Representative flow cytometry plots (left) and bar graphs showing the proportion (middle) and the cell number (right) of APLNR* LPM cells at day 2 (C),
CD317CD34" EPCs at day 5 (D) and CD43* HPCs (E) at day 8 in WT, SETD7~/~ #1 and SETD7 '~ #2 cells during hematopoietic differentiation. (n = 4,
***p < 0.001, ****p < 0.0001, ordinary one-way ANOVA). Data are means + SD.

(F) The number of colonies (BFU-E, CFU-E and CFU-GM) generated from day 12 differentiated HPCs of WT or SETD7~/~ cells. (n = 3, ***p < 0.001, ns, no
significance, ordinary one-way ANOVA). Data are means + SD. See also Figure ST and Table S2.

stable clones carrying shRNAs targeting SETD?. After two days of Dox treatment, we detected significantly
reduced SETD7 protein levels by Western blotting in the stable cell lines (Figure 3A).

We next induced these stable clones, harboring SETD7 shRNAs and scramble shRNAs, to differentiate to-
ward the hematopoietic lineage. During the differentiation process, these cells were treated with Dox in a
stepwise manner (Figure 3B). When supplementing Dox throughout the differentiation course (Figures 3B—
31), we detected diminished SETD7 protein levels in shRNA-expressing cells at days 2, 5, and 8 of differen-
tiation (Figure 3C). Consequently, we revealed that the generation of APLNR" LPM cells, CD31"CD34"
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Figure 3. SETD7 deletion impairs LPM generation
(A) Western blot showing SETD7 protein levels after Dox induction for 2 days in hESCs harboring scramble control, Dox-inducible SETD7 KD #1 and #2
expression vectors. GAPDH served as the loading control.
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(B) Experimental schematic showing the period of Dox exposure (gray lines) and the time points for flow cytometry analysis (red square). Dox was

supplemented either throughout the culture period from day 0-8 (i), after mesoderm specification from day 2-8 (ii) or after EPC generation from day 5-8 (iii).
(C) Western blot showing SETD7 protein levels after Dox induction throughout the differentiation course. GAPDH served as the loading control.

(D-F) Representative flow cytometry plots (left) and bar graphs (right) showing the percentages of APLNR* LPM cells (D), CD31*CD34" EPCs (E) and CD43™
HPCs (F) treated with Dox from days 0-8. (n = 3, **p < 0.01, ***p < 0.001, unpaired two-tailed Student’s t test). Data are means + SD.

(G-H) Bar graphs showing the percentage of CD317CD34" EPCs (G) and CD43" HPCs (H) with Dox treatment from days 2-8. (n = 3, ns, no significance,
unpaired two-tailed Student’s t test). Data are means + SD.
(I) Bar graph showing the percentage of CD43" HPCs with Dox treatment from days 5-8. (n = 3, ns, no significance, unpaired two-tailed Student's t test). Data

are means + SD.

(J) Experimental design. APLNR" cells derived from WT and SETD7/ cells on day 2 of differentiation were FACS-sorted and further differentiated toward

the hematopoietic lineage.

(K-N) Representative flow cytometry plots (K, L) and the percentage (M, N) of CD317CD34" EPCs on day 5 and CD43" HPCs on day 8. (n = 3, ns, no
significance, unpaired two-tailed Student'’s t test). Data are means + SD. See also Figure S2 and Table S3.
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EPCs, and CD43" HPCs (Figures 3D-3F) was dampened, phenocopying the SETD7~/~ cells. Next, we
began to treat the cells with Dox on day 2 of differentiation and onward (Figure 3C-(ii)), when cells had
already completed mesoderm lateralization and started to differentiate into EPCs. Perturbation of
SETD7 expression did not affect EPC specification or HPC production (Figures 3G-3H, S2B and S2C). Addi-
tionally, when treating the cells with Dox from days 5-8 of differentiation (Figure 3C-(iii)), we also failed to
detect any alteration in the production of CD43" HPCs in SETD7-deficient cells (Figures 31, S2A and $2D).

Next, to discriminate whether the observed hematopoietic deficiency was LPM cell autonomous, we FACS-
sorted APLNR* LPM cells from WT and SETD7 '~ cells, seeded an equal number of cells and induced them
to further differentiate into EPCs and HPCs. There were no marked differences in the generation of EPCs
and HPCs on days 5 and 8, respectively. This result indicated that it was likely that SETD7 depletion
impaired the emergence rather than the quality of APLNR" LPM cells, highlighting the possibility that
SETD7 participates in the lineage choice of mesoderm specification rather than directly impairing the
potential of APLNR* LPM cells (Figures 3J-3N).

Collectively, these results indicate that SETD7 predominantly modulates LPM cell specification and exerts
minor effects on subsequent EPC and HPC generation, in accordance with the elevated expression of
SETD7 in LPM cells and the downregulation of SETD7 expression afterward during differentiation.

Ectopic expression of SETD7 partially restores the differentiation defects in SETD7 /~ cells
Since SETD7 reduction attenuated mesoderm lateralization and consequently impaired hematopoietic
generation, we then wondered whether ectopic expression of SETD7 could rescue such differentiation de-
fects in SETD7~'~ cells. To test this possibility, we established Dox-induced SETD7 overexpression cell
lines harboring a GFP expression cassette in WT and SETD7-knockout cells. We confirmed that SETD7
was overexpressed by Western blotting in WT cells at days 2, 5, and 8 of differentiation (Figures 4A-4C).
Next, we induced the WT and SETD7~/~ cells harboring either a control empty vector or a SETD7 overex-
pression vector, respectively, to undergo hematopoietic differentiation with Dox administered throughout.
SETDY7 overexpression rescued, at least in part, the yield of APLNR" LPM cells and the subsequent gener-
ation of CD31"CD34" EPCs and CD43" HPCs (Figures 4D-4G). Interestingly, the overexpression of SETD7
in WT cells throughout differentiation did not affect the generation of LPM cells, EPCs and HPCs
(Figures 4D-4F). Taken together, our results show that overexpression of SETD7 in SETD7~'~ cells can
partially rescue the defects in LPM generation, whereas excessive SETD7 expression seems redundant dur-
ing normal hematopoietic differentiation.

The inhibitory effect of SETD7 on APLNR™ LPM cells is independent of histone methylation

To determine whether the inhibitory effects of SETD7 on APLNR™ LPM cells arose from altered H3K4me1
modifications, we treated WT cells with (R)-PFI-2. (R)-PFI-2 is a selective and potent small-molecule inhib-
itor targeting the catalytic methyltransferase activity of SETD7, and it efficiently occupies the substrate
lysine-binding groove of SETD7 to prevent its methylating histone.”’ We found that supplementation
with (R)-PFI-2 indeed reduced the global levels of H3K4me1 in a dose-dependent manner in H1 cells
(Figure 5A).

Then (R)-PFI-2 was supplemented throughout the differentiation course at concentrations of 2.5 and 10 uM.
Unexpectedly, (R)-PFI-2 exhibited minor effects on hematopoietic differentiation, including the generation
of LPM cells (Figures 5B-5D). Further analysis elucidated that such negligible effects of (R)-PFI-2, in part,
were attributable to the nearly complete absence of SETD7 expression in the nucleus during hematopoi-
etic differentiation (Figure 5E). Therefore, it appears likely that SETD7 modulates hematopoietic differen-
tiation, especially the generation of LPM cells, is independent of alterations in H3K4me1 in these cells.

The Wnt signaling pathway participates in SETD7-mediated LPM cell generation

To determine the underlying molecular mechanisms mediated by SETD7, we performed transcriptomic
analysis of SETD7~/~ cells on day 2 of differentiation. Gene Ontology (GO) analysis of differentially ex-
pressed genes (DEGs) showed that the Wnt signaling pathway was significantly enriched in SETD7 '~ cells
compared with WT cells (Figure 6A), in line with gene set enrichment analysis (GSEA) (Figure 6B). Further-
more, recent studies have revealed that the delicate balance of the Wnt signal ensures the proper forma-
tion of PM and LPM.?*°? Enhancing the Wnt signal tilts differentiation toward the PM, while reducing its
activity facilitates the formation of LPM.?® Consistent with this observation, we also detected reduced
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(A-C) Western blot showing the SETD7 protein levels in cells harboring an empty or a Dox-inducible SETD7 overexpression vector at days 2, 5 and 8 of
hematopoietic differentiation. GAPDH served as a loading control.

(D-F) Representative flow cytometry plots (left) and bar graphs (right) showing the percentage of APLNR" LPM cells at day 2 of differentiation (D),
CD31*CD34" EPCs at day 5 of differentiation (E) and CD43" HPCs at day 8 of differentiation (F) in GFP* WT and SETD7~/~ #1 cells without or with SETD7
overexpression. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance, ordinary one-way ANOVA). Data are means + SD. See also Table S1.

expression of LPM marker genes, such as HAND1,>® FOXF1,>* BMP4,°> and MESP1°° (Figure 6C), but
elevated expression of genes correlated with the PM, such as MSGN1 and DUSP6 in SETD7 '~ cells®**’

(Figure 6D).

Emerging evidence indicates that LPM differentiates from mid-primitive streak progenitors, while PM dif-
ferentiates from anterior primitive streak progenitors.”” To further trace the potential influence of SETD7 on
the specification of primitive steak, we tested genes critical for mid and anterior primitive streak progen-
itors on day one of differentiation. We found that marker genes of the anterior primitive streak, such as
TBX6, GSC, and EMOES, were upregulated, whereas signature genes of the mid/anterior primitive streak,
such as FOXF1, MESP1, MESP2, and EVX1, were downregulated upon SETD7 depletion (Figure S3A). These
results suggested that SETD7 is involved in primitive streak development and the resultant bifurcation of

the LPM and PM patterning.
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Figure 5. (R)-PFI-2 exhibited negligible effects on hematopoietic differentiation induced from hESCs

(A) Western blot showing H3K4me1 and SETD7 protein levels after treatment with (R)-PFI-2 in hESCs. GAPDH was used as a loading control.

(B-D) Representative flow cytometry plots (left) and bar graphs (right) showing the percentage of APLNR™ LPM cells (B), CD317CD34" EPCs (C) and CD43*
HPCs (D) in cells at days 2, 5 and 8 of differentiation with or without (R)-PFI-2 treatment, respectively. (n = 3, ns, no significance, unpaired two-tailed Student’s
t test). Data are means + SD.

(E) Western blot showing the nuclear and cytoplasmic expression of SETD7 in hESCs, FACS-sorted APLNR™ cells on day 2, and cells on day 5 and day 8 of
hematopoietic differentiation. GAPDH served as the cytoplasmic loading control, and Lamin B served as the nuclear loading control.

To investigate how SETD7 modulates the Wnt signaling pathway, we examined its key mediator B-cat-
enin and found that B-catenin protein was more abundant in SETD7~/~ cells than in WT control cells
at day 2 of differentiation (Figure 6E), whereas no noticeable difference was identified at the transcript
level (Figure 6F). This result led us to speculate that SETD7 might exert posttranslational regulation of
B-catenin. To test this hypothesis, we examined the level of phosphorylated B-catenin. Phosphorylated
B-catenin can be recognized by phosphokinase glycogen synthase kinase (GSK)-3 for its degradation.”®
After separating the proteins from the nucleus and cytoplasm, we found that the level of phosphorylated
B-catenin was much lower in the cytoplasm of SETD7~~ cells than in the cytoplasm of its WT control
counterparts, indicating that the absence of SETD7 results in the accumulation of B-catenin (Figure 6G).
Prior studies have demonstrated that SETD7 can methylate nonhistone proteins,’**>>” including B-cat-
enin, where SETD7 methylates B-catenin to facilitate (GSK)-3p-mediated degradation in 293T and
Hela cells.®” We conducted an immunoprecipitation assay and confirmed the endogenous and exoge-
nous interaction between SETD7 and B-catenin in SETD7-overexpressing H1 cells as well as cells on day 2
of hematopoietic differentiation when APLNR" LPM cells composed nearly 50% of the cell population

(Figures 6H, S3B and S3C).

SETD7 protein monomethylates B-catenin at lysine residue 180 in both 293T and Hela cells.*” Inspired by
this evidence, we introduced the CTNNBT (encoding B-catenin) K180R mutant expression vector (Figures 6l
and 6J). Compared with that of the WT B-catenin protein, the interaction of K180R mutant B-catenin with
SETD7 was greatly abolished (Figures 6K and 6L), indicating that the lysine residue 180 of B-catenin is
essential for SETD7-mediated B-catenin methylation.
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Figure 6. Linking B-catenin with SETD7-mediated LPM cell generation

(A) GO enrichment of the upregulated genes in SETD7~/~ #1 cells at day 2 of hematopoietic differentiation.
(B) GSEA plot depicting the enrichment of the Wnt signaling pathway in WT and SETD7~/~ #1 cells at day 2 of hematopoietic differentiation.

(C-D) RT-qPCR assay showing the relative mRNA expression of designed genes in WT and SETD7~/~ #1 cells at day 2 of differentiation. (n = 3, *p < 0.05,
**p < 0.01, unpaired two-tailed Student's t test). Data are means + SD.
(E) Western blot showing the protein levels of B-catenin and SETD7 in WT and SETD7~/~ #1 hESCs. GAPDH was used as a loading control.

(F) RT-qPCR assay representing the relative mRNA expression of CTNNB1 in WT and SETD7~/~ #1 cells at day 2 of differentiation. (n = 3, ns, no significance,

unpaired two-tailed Student’s t test). Data are means + SD.

(G) Western blot showing the expression of phosphorated B-catenin and SETD7 in nuclear and cytoplasmic of WT and SETD7~/~ #1 cells at day 2 of
differentiation. Lamin B was used as the nuclear loading control, and B-actin was used as the cytoplasmic loading control.
(H) Coimmunoprecipitation of flag-tagged SETD7 and endogenous B-catenin in control (empty vector) and SETD7-overexpressing hESCs. Ten percent of

the input was used as the total protein control.

(I) Schematic illustration of the strategy used to construct the CTNNB1 K180R mutant expression vector.

(J) Sanger sequencing confirmed the K180R mutation.
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Figure 6. Continued

(K) Western blot showing the expression of B-catenin and SETD7 in hESCs infected by the empty vector, CTNNBTWT and CTNNB1 K180R-mutant vectors.
GAPDH was used as the loading control.

(L) Coimmunoprecipitation of B-catenin with anti-FLAG antibody and endogenous SETD7 in control (empty vector), CTNNBT WT and CTNNB1 K180R
mutant hESCs. Ten percent of the input was used as the total protein control. See also Figure S3 and Table S4.

Taken together, our results demonstrate that SETD7 protein interacts with B-catenin at lysine residue 180 to
promote its degradation, probably by methylation, and consequently decreases the activity of the Wnt
signaling pathway, dictating the formation of PM and LPM.

DISCUSSION

In this study, we revealed the role of SETD7 in LPM specification during hematopoiesis inducing from
hESCs. Intriguingly, instead of massive alteration of H3K4me1 modifications, we found that SETD? finely
balances the level of Wnt signaling to modulate PM and LPM patterning. Deletion of SETD7 leads to
the accumulation of B-catenin, the key mediator of the Wnt pathway, and contributes to the defects in
LPM formation and hematopoiesis.

During mesoderm patterning, PM is primarily responsible for the formation of somites, muscle, bone, and
dermis, while LPM contributes to forming blood, the heart, and the cardiovascular circulatory sys’cem.”’15
Prior studies have demonstrated that the Wnt signaling pathway is a crucial mediator for the specification
between PM and LPM."/?*¢" Genetic depletion of Wnt3a results in the absence of PM in mouse em-
bryos.?*4? Wnt-1and Wnt7a promote myogenesis from PM by activating Myf5 and MyoD, respectively.®*¢*
During in vitro induction of hPSCs differentiation, Wnt activation by GSK3 inhibition induces paraxial sig-
natures while suppressing lateral signatures. In contrast, Wnt inhibition elicits LPM while blocking paraxial
fate.”® However, how the Wnt pathway is modulated in mesoderm specification is still not fully understood.
Here, we revealed that Wnt signaling, at least in part, is regulated by SETD? via the posttranslational modi-
fication of B-catenin, which aids in mediating PM and LPM patterning upon induction of hRESC hematopoi-
etic differentiation.

The pleiotropic roles of SETD7 have been explored during development and differentiation. In agreement
with a prior study,®” we also found that SETD?7 is expressed at a low level in hESCs and that its abrogation
minimally affects the pluripotency of hESCs, which might be relevant to the suppression of the SETD7 pro-
moter region by the pluripotent proteins POU5SF1, NANOG, and SOX2."® In accordance with hESCs,
SETD7 is also not expressed in quiescent adult muscle stem cells.** Nonetheless, SETD7 could participate
in the differentiation process. Upon mesoderm and endoderm specification, SETD7 facilitates mesoderm
formation by interacting with components of the SWI/SNF chromatin-remodeling complex (e.g., BRG1)
and recruiting them to the promoters of mesoderm-specific genes (e.g., T, EVX1, EOMES).*’ During further
mesoderm patterning, we illustrated that SETD7 is important for PM and LPM specification. The deletion of
SETD?7 attenuated LPM formation, which can further differentiate into blood and heart. Interestingly, dur-
ing the induction of hematopoietic differentiation from hESCs, except for the mesodermal stage, we
discovered that SETDY is dispensable for EPC specification and HPC production. In contrast, SETD7 is
necessary for cardiac lineage differentiation derived from hESCs.*” SETD7 can sequentially bind to well-
known cardiac transcription factors, such as NKX2.5, TBX5, and GATA4, and cardiac maturation/morpho-
genesis genes, such as TNNT1, TNNT2, ACTC1, and MYHé, in cardiac progenitors and terminally differen-
tiated cardiomyocytes.”’ These results suggest that in the lineage differentiation of lateral plate
mesoderm, SETD7 plays distinct roles in hematopoietic and cardiac lineage differentiation. Intriguingly,
overexpression of SETD7 impacts neither hematopoietic nor cardiac differentiation, suggesting that
SETD?7 is important but insufficient to drive either blood or cardiac differentiation from hESCs.

Accumulating reports demonstrated that SETD7, as a lysine methyltransferase, mediates nonhistone gene
methylation, including that of NFKB-|065,(’("67 INS1/2,°% ER,*® and YY1¢” in various tissues and cells. In this
study, we also elucidated that (R)-PFI-2, a selective and potent small-molecule inhibitor of the catalytic
methyltransferase activity of SETD7,”" did not affect hematopoietic differentiation, suggesting that the
mechanism by which SETD7 drives hematopoietic differentiation might be independent of its particular
histone enzymatic activity. Consistently, (R)-PFI-2 also failed to influence cardiac mesodermal progenitor
cells.*’ Thus, it is likely that the H3K4me1 enzymatic activity of SETD7 is dispensable in either mesoderm
formation” or LPM patterning.
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Instead, SETD7 mediates the posttranslational regulation of B-catenin. We found that SETD7 is able to bind
with B-catenin at lysine residue 180 and that abolishing SETD7 expression leads to the accumulation of
B-catenin protein but not its mRNA transcripts. Cytoplasmic B-catenin is usually degraded by GSK38 in
the absence of the Wnt ligand.”® Given the accumulation of cytoplasmic B-catenin in mesodermal cells
with abrogated SETD7 expression, we propose that SETD7 dictates LPM patterning mainly by controlling
the protein level of B-catenin. Conversely, a recent study linked SETD7-Hippo/YAP-Wnt/B-catenin
signaling to epithelial proliferation.”® SETD7-dependent methylation of YAP facilitates the nuclear translo-
cation of B-catenin.”® Analogously, during skeletal muscle differentiation from muscle stem cells, SETD7
also stimulates B-catenin nuclear localization to activate the muscle differentiation transcriptional pro-
gram.** Therefore, it seems likely that the SETD7-mediated Wnt/B-catenin signaling pathway is context
and cellular-dependent.

In summary, we have identified the pivotal role of SETD7 in LPM generation during hESC hematopoietic
differentiation, which is mediated by B-catenin in a posttranslational modification manner. This study pro-
vides insights into the molecular regulation of hematopoiesis, especially mesoderm specification, from
hPSCs.

Limitations of the study

Our findings indicate a SETD7-related LPM and PM patterning via PTM of B-catenin. Diminished SETD7
expression leads to the accumulation of B-catenin and consequently activates the Wnt signaling pathway.
However, several limitations were encountered in this study. Firstly, our monolayer differentiation system
of hESCs is biased for yolk sac-like/primitive hematopoiesis, whether SETD7 has a similar role during
definitive hematopoiesis requires further studies. Secondly, we revealed SETD7 could interact with B-cat-
enin at lysine residue 180 and whether there are other potential interacting sites awaits further
investigations.
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Cat# C0080

Cat# C0060

Cat# 560198; RRID: AB_1645460

Deposited data

Raw and analyzed data This paper GEO: GSE228287
Critical commercial assays

EasyScript® One-Step gDNA Removal and cDNA Synthesis transgene Cat# N10613
SuperMix

Hieff UNICON® Universal Blue gPCR SYBR Green Master Mix YESEN Cat# 11184ES03
Nuclear and Cytoplasmic Protein Extraction Kit Beyotime Cat# P0028
EasyScript® One-Step gDNA Removal and cDNA Synthesis transgene Cat# N10613

SuperMix
apoptosis detection kit

BD Biosciences

Cat# 556547

protein G superparamagnetic beads Invitrogen Cat# 10003D
Lipofectamine Stem regent Invitrogen Cat# STEMO0001
Experimental models: Cell lines

hESC: H1 WiCell RRID: CVCL_9771

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
SETD7 KO H1 This paper N/A

SETD7 KD H1 This paper N/A

SETD7 OE H1 This paper N/A
b-catenin OE H1 This paper N/A
b-catenin K180R OE H1 This paper N/A
Scramble control H1 This paper N/A

Empty Vector control H1 This paper N/A

Oligonucleotides

RT-gPCR primers This paper Table S4

SETD7 gRNA1 This paper Table S2

SETD7 gRNA2 This paper Table S2

SETD? inducible OE primers This paper Table S1

SETD? inducible KD primers This paper Table S3

inducible KD Scramble primers This paper Table S3

CTNNB1 inducible OE primers This paper Table S1

CTNNB1 inducible K180R primers This paper Table S1

Software and algorithms

FlowJo FlowJo https://www.flowjo.com
GSEA v4.0 Subramanian et al.”’ http://software.broadinstitute.org/gsea/index.jsp
HISAT2-StringTie Pertea et al.”” http://ccb.jhu.edu/software.shtml
Rv3.6 R-Project https://www.r-project.org/
GraphPad Prism GraphPad https://graphpad.com
Chemicals, peptides, and recombinant proteins

Activin A PeproTech Cat# 120-14-1000
BMP4 PeproTech Cat# 120-05ET-1000
bFGF PeproTech Cat# 100-18B-100
VEGF PeproTech Cat# 100-20-100

TPO PeproTech Cat# 30018

EPO Prospec Cat# 10064

SCF Prospec Cat# CYT-255

IL11 PeproTech Cat# 200-11

IL6 STEMCELL Technologies Cat# 78050.1

IL3 Sigma Cat# 11646

GM-CSF PeproTech Cat# HZ-1002

GCSF PeproTech Cat# HZ-1207

Flt-3L PeproTech Cat# 300-19

Y27632 Calbiochem Cat# 688000
hydrocortisone Sigma Cat# HO888

L-ascorbic acid Sigma Cat# A8960-5G

heparin Sigma Cat# H3149-500KU-9
mTeSR+supplement Stem Cell Cat# 85852
DMEM/F-12(1;1) basic Gibco Cat# C11330500BT
Fetal bovine serum Gibco Cat# 16000-044
Penicillin-Streptomycin Gibco Cat# 15140-122
Accutase Gibco Cat# AB11105-01
Costom TESR+supplement Stem Cell Cat# 05892
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Lihong Shi (shilihongxys@ihcams.ac.cn).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed
Materials Transfer Agreement.

Data and code availability
® The datasets generated during this study are available at the Gene Expression Omnibus (GEO) under the

accession number GSE228287. The following public datasets were downloaded from GEO and reana-
lyzed: GSE92245.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Induction of hematopoietic differentiation from hESCs

Human embryonic stem cells (H1) were purchased from ATCC.* Cells were maintained on Matrigel-coated
plates using mTESR1 medium (STEMCELL Technologies) consisting of 1% penicillin-streptomycin. To
induce hematopoietic differentiation, H1 cells were plated on growth factor-reduced (GFR) Matrigel-
coated plates and cultured overnight in mTESR1 with 10 uM Y27632. The next day, the culture medium
was replaced by mTESR1 without select factors (STEMCELL Technologies), which was supplemented
with 50 ng/ml Activin A (PeproTech) and 40 ng/ml BMP4 (PeproTech) from day 0 to day 2 and 50 ng/ml
bFGF (PeproTech) and 40 ng/ml VEGF (PeproTech) from day 2 to day 8 of culture.

METHODS DETAILS

Colony-formation assays

Day-8 differentiated cells were induced to generate CD45" HPCs with StemPro-34 basal medium (Gibco)
supplemented with 50 ng/ml TPO (PeproTech), 6 U/ml EPO (Prospec), 20 ng/ml SCF (Prospec), 20 ng/ml
IL11 (PeproTech), 15 ng/ml IL6 (STEMCELL Technologies), 15 ng/ml IL3 (Sigma), 20 ng/ml GM-CSF
(PeproTech), 20 ng/ml GCSF (PeproTech), and 20 ng/ml Flt-3L (PeproTech) for 4 days. Then, the cells
were seeded in MethoCult™ semisolid medium for colony-formation assays (STEMCELL Technologies).
The CFU-E colonies were counted on day 7, while the BFU-E colonies and other CFUs were counted on
day 14 after seeding. Colonies were identified according to the manufacturer’s instructions.

Establishment of SETD7”" H1 cell lines

CRISPOR (http://crispor.tefor.net/)’" was used to design small guide RNAs targeting SETD7. Then, the ol-
igonucleotides were cloned into the CRISPR-Cas9-Lenti-V2 vector. After infection, we treated the cells with
1 ng/ml puromycin for 2 weeks, and small colonies emerging from single cells were picked and expanded
for Sanger sequencing. The primers used are listed in Table S1.

Establishment of the SETD7-overexpressing cell line

SETD7 cDNA was amplified from the cDNA of H1 cells and then cloned into a Tet-On inducible piggyBac
transposon expression vector. The plasmids were cotransfected with transposase to H1 with Lipofectamine
Stem regent (Invitrogen). After 10 days of puromycin selection, nearly all live cells exhibited puromycin
resistance. Cells were induced by 1 ng/ml Dox for 2 days, and the expression was confirmed by Western
blotting. The primers used are listed in Table S1.

Generation of stable Dox-inducible shRNA-mediated SETD7-knockdown cell lines

SETD7 shRNAs and a scrambled shRNA (Scr) were cloned into a Dox-inducible pLKO-Tet-On-shRNA len-
tiviral vector, and then the plasmids were transfected into 293T cells for viral packaging. Next, 1 x10° H1
cells were seeded as single cells on Matrigel-coated plates for 48 hours before lentiviral infection with
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8 ng/ml polybrene. After 1 ng/ml puromycin selection for approximately 10 days, the cells were induced by
1 ng/ml Dox for 2 days and collected for Western blot assay. The primers used are listed in Table S1.

Flow cytometry analysis and cell sorting

Cells were pretreated with Accutase (Invitrogen) for 3 minutes at 37°C and then washed with cold PBS. After
300 g centrifugation, 2% 10° cells were resuspended in 100 ml of PBS and incubated with primary anti-
bodies for 30 minutes at 4°C. Then, the cells were washed by using PBS with 2% FBS and 0.2 mM EDTA
and used for flow cytometry analysis or sorting. The antibodies were as follows: Human APJ-APC-conju-
gated Antibody (R&D), PE Mouse Anti-Human CD31 (BD Biosciences), APC Mouse Anti-Human CD34
(BD Biosciences), APC Mouse Anti-Human CD43 (BD Biosciences), Mouse IgG3 APC-conjugated Antibody
(R&D), PE Mouse 1gG1, k Isotype Control (BD Biosciences).

Cell cycle and apoptosis analysis

For the cell cycle assay, cells were fixed with 100% cold ethanol and incubated at 4°C overnight. The next
day, the cells were washed with cold PBS supplemented with 1% BSA (Sigma) and stained using 200 pl pro-
pidium iodide (PI) staining buffer (1% BSA + 100 pg/ml RNase A (Tiangen Biotechnology) + 50 ug/ml PI
(Solarbio) + 0.1% Triton X-100) at 37°C in the dark for 45 minutes. The cells were then subjected to flow cy-
tometric analysis.

A total of 1x10° cells were prepared for apoptosis analysis using an apoptosis detection kit (BD Biosci-
ences) according to the manufacturer’s instructions. The cells were then subjected to flow cytometric
analysis.

RNA purification and RT-qPCR

Total RNA was extracted with TRIzol® Reagent (Invitrogen). We conducted reverse transcription with
EasyScript® One-Step gDNA Removal and cDNA Synthesis SuperMix (transgene) according to the manu-
facturer’s instructions. gPCR assays were performed using Hieff UNICON® Universal Blue gPCR SYBR
Green Master Mix (YESEN) with a QuantStudio 5 real-time PCR system. All primers used are described
in Table S1.

Nuclear and cytoplasmic protein extraction

A Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime) was used for nuclear and cytoplasmic protein
extraction. Briefly, 2x10° cells were lysed in cytoplasmic protein extraction buffer A for 8 minutes. Then,
cytoplasmic protein extraction buffer B was added for approximately 1 minute until greater than 90% of
cells had ruptured membranes. After 12,000x g centrifugation, the upper liquid was harvested for cyto-
plasmic protein. Then, the nuclear pellets were washed 3 times to remove cytoplasmic residues. We
used RIPA lysis buffer (Solarbio) to extract nuclear protein.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde for 20 minutes at room temperature, washed and permeabi-
lized with 0.2% Triton-X-100 for 15 minutes at room temperature. Then, they were blocked with 1% bovine
serum albumin (BSA, Sigma) for 1 hour and incubated with primary antibodies overnight at 4°C. The next
day, the cells were incubated with secondary antibody for 1 hour and 1 pg/ml DAPI for 5 minutes at room
time and observed under a microscope. The antibodies were as follows: Human APJ Antibody (R&D), Anti-
CD31 (Abcam), Anti-CD34 (Abcam), Anti-CD43 (Abcam), Alexa Fluor 488 (Invitrogen), Alexa Fluor 594 (Life
Technologies), and Alexa Fluor 488 (Life Technologies).

Western blot analysis

A total of 1x10° cells were first lysed in 100 ml of RIPA lysis buffer (Solarbio) containing 1Xprotease and
phosphatase inhibitor cocktail (Beyotime) on ice for 30 minutes. Second, SDS-PAGE loading buffer was
added to the lysate before heating at 100°C for 10 minutes (CWBIO). The lysate was loaded onto 10%
SDS-PAGE gels for running. After transferring, the membrane was blocked in 5% nonfat milk in PBS
with 1% Tween-20 and incubated with primary antibodies overnight at 4°C. HRP-conjugated anti-rabbit
or HRP-conjugated anti-mouse antibodies were used as the secondary antibody. The antibodies were as
follows: Anti-SETD7 (Abcam), Anti-B-Catenin (CST), Anti-GAPDH (Proteintech), Anti-Histone H3 (mono
methyl K4) (Abcam), Anti-POU5F1 (CST), Anti-NANOG (CST), Anti-SOX2 (CST), Phospho-B-Catenin
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(CST), Beta Actin (Proteintech), HRP-conjugated AffiniPure Goat Anti-mouse IgG (Proteintech), and an
Anti-rabbit IgG HRP-linked Antibody (CST).

Coimmunoprecipitation

The cells were lysed in 0.5% NP40 buffer with 50 mM pH 7.5 Tris-HCI, 150 mM NaCl, 1xProtease and
the phosphatase inhibitor cocktail for 30 minutes. After centrifugation, the supernatant was incubated
with the antibody at 4°C overnight. The next day, 30 ul of protein G superparamagnetic beads (Invitrogen)
were added and further incubated for 2 hours at 4°C before washing four times. Finally, the precipitated
components were analyzed by Western blotting. The antibodies were as follows: Anti-SETD7 (Abcam),
Anti-FLAG (Sigma), Lamin B1 (Proteintech), and B-Catenin (CST).

RNA sequencing and data processing

WT and SETD7”" cells were collected at day 0, day 2 and day 8 of hematopoietic differentiation induction.
Total RNA was extracted according to the manufacturer’s instructions (Invitrogen). The library was con-
structed and sequenced by Novogene Co., Ltd. (Beijing, China) using the lllumina HiSeq platform. After
quality control, the clean data were used as input files to map the human reference genome (GRCh38/
hg38) using the HISAT2-StringTie analysis pipeline with default parameters.

GSEA

GSEA software (version 4.0) was downloaded from the Broad Institute (https://www.gsea-msigdb.org/
gsea/downloads.jsp) and used for analysis. Gene sets were obtained through the Molecular Signatures
Database (http://www.gsea-msigdb.org/gsea/msigdb/search.jsp), and we used the normalized expres-
sion dataset as the input file.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as the mean + SD. For multiple comparisons, we performed one-way ANOVA fol-
lowed by Dunnett’s test. For others, we performed a two-tailed Student'’s t-test. P < 0.05 was considered to
indicate statistical significance, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, no significance. All
experiments were conducted with at least 3 biological replicates.
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