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SUMMARY

We earlier showed that outside-in integrin signaling through POSTN-ITGAYV interaction plays an important role in regulating adult he-
matopoietic stem cell (HSC) quiescence. Here, we show that Itgav deletion results in increased frequency of phenotypic HSCs in fetal liver
(FL) due to faster proliferation. Systemic deletion of Postn led to increased proliferation of FL HSCs, albeit without any loss of stemness,
unlike Vav-Itgav~~ HSCs. Based on RNA sequencing analysis of FL and bone marrow HSCs, we predicted the involvement of DNA damage
response pathways in this dichotomy. Indeed, proliferative HSCs from Postn-deficient FL tissues showed increased levels of DNA repair,
resulting in lesser double-strand breaks. Thus POSTN, with its expression majorly localized in the vascular endothelium of FL tissue, acts
as a regulator of stem cell pool size during development. Overall, we demonstrate that the duality of response to proliferation in HSCs is

developmental stage dependent and can be correlated with DNA damage responses.

INTRODUCTION

Emergence and maturation of hematopoietic stem cells
(HSC:s) takes place during embryonic development where
fetal liver (FL) plays a central role (Muller et al., 1994).
Whereas bone marrow (BM)-resident adult HSCs are largely
quiescent, fetal HSCs show robust proliferation to create
the required stem cell pool (Bowie et al., 2006; Haas et al.,
2018). It has been shown conclusively that HSCs differ
majorly in their transcriptional profile across develop-
mental stages (Manesia et al., 2015; McKinney-Freeman
et al., 2012). The appearance of transient hematopoietic
sites is a hallmark feature of the hematopoietic system dur-
ing ontogeny and involves major changes in the HSC
microenvironment across developmental stages (Boulais
and Frenette, 2015). Little is known about fetal HSC niches,
but recent evidence from Paul Frenette’s group has shown
the importance of cells associated with portal vessels in
supporting HSCs in the FL tissue (Khan et al., 2016). This
study follows closely another report from the same group
wherein the arteriolar niche was shown to play host to
the most primitive HSCs (Kunisaki et al., 2013). Significant
genetic differences were observed in the cells that sup-
ported proliferative HSCs in FL tissue and the niche cells
of the adult BM-derived HSCs (Khan et al., 2016). These dif-
ferences notwithstanding, it has been sufficiently well es-
tablished that association with their niches is crucial to
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the optimal functioning of fetal as well as adult HSCs
(Gao et al., 2018).

Disruption of the interaction between HSCs and their
microenvironment leads to deregulated proliferation,
skewed differentiation, and decreased engraftment poten-
tial (Kiel and Morrison, 2008). Loss of integrin-a4, impor-
tant for physical retention of HSCs in their niche, resulted
in cell-cycle entry and spontaneous differentiation (Arroyo
etal., 1999). Maintenance of quiescence in adult HSCs has
been correlated with preservation of their long-term poten-
tial (Khurana, 2016). Repeated induction of proliferation in
HSCs resulting from infection or chronic bleeding led to
DNA damage and, ultimately, functional decline (Walter
et al., 2015). However, as DNA damage responses (DDRs)
are also linked to DNA replication process, Mohrin et al.
(2010) showed that error-prone DDR pathways in quies-
cent HSCs lead to accumulation of DNA damage. By
contrast, Beerman et al. (2014) showed that proliferative
events in aged HSCs may lead to repair of damaged DNA.
Thus, the precise link between proliferative events and
stemness in the hematopoietic system remains unclear.

Integrins are some of the most crucial cell surface recep-
tors that mediate retention of HSCs in the BM niche (Crane
etal., 2017; Hoggatt et al., 2016; Khurana et al., 2013a). In
addition, these receptors also mediate signaling cascades
induced by growth factors or cytokines through outside-
in signaling (Hynes, 2002). Whereas the importance of
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Figure 1. Expression of ITGAV and ITGB3 in FL HSCs
Gene and protein expression for both a- and B-integrin chains that make a heterodimeric receptor for POSTN, analyzed using RNA-seq and
flow cytometry, respectively.

(legend continued on next page)
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inside-out integrin signaling that regulates cell-cell or cell-
extracellular matrix (ECM) adhesion is well worked out, the
role of ligand-mediated outside-in signaling in hematopoi-
esis is not very well studied. Osteopontin, which elicits
outside-in signaling cascades through integrin-av (ITGAV;
CD51) binding (Urtasun et al., 2012), acts as a negative
regulator of HSC expansion (Nilsson et al., 2005; Stier
et al., 2005). Integrin-avp3 (ITGAV-B3) also has a synergis-
tic negative effect with the pro-inflammatory cytokine
interferon-y on HSC function (Umemoto et al., 2017).
ITGB3 expression has been correlated with HSC quiescence
(Umemoto et al., 2006) and ITGB3™CD34 LSK cells were
shown to be enriched for long-term repopulating HSCs
(Umemoto et al., 2008). Periostin (POSTN) (Gillan et al.,
2002) and Dell (Mitroulis et al., 2017; Penta et al., 1999)
have also been shown to mediate outside-in integrin
signaling via binding to the ITGAV-B3 heterodimer. We
recently reported that systemic deletion of Postn or Vav-
iCre mediated conditional deletion of Ifgav leads to the
loss of quiescence in primitive HSCs, ultimately resulting
in functional decline (Khurana et al., 2016).

Here, we report that the interruption of POSTN-ITGAV
interaction causes increased proliferation of FL HSCs
without any loss of stemness, resulting in their efficient
expansion. This was unlike the effect of increased HSC pro-
liferation on adult HSC function, indicating a develop-
mental stage-specific response to proliferation rate. Our re-
sults linked better DDR in fetal HSCs with enhanced
tolerance to proliferation stress. Overall, we show that the
effect of proliferation on stemness is developmental stage
dependent and is linked with DDR pathways.

RESULTS

Expression of av and B3 Integrin Chains in FL-Derived
Primitive HSCs

We first examined the expression of ITGAV and its binding
partner ITGB3 in embryonic day 14.5 (E14.5) FL HSCs

(lin~c-kit*Sca-1*CD48 CD150* cells; Figure 1). We
analyzed our previously published RNA sequencing
(RNA-seq) data (Manesia et al., 2015) to compare the
expression of all known a-integrin (Figure 1A) and B-integ-
rin (Figure 1B) chains. The heatmap analysis showed lower
expression of both Itgav and Itgh3 in E14.5 FL-derived
HSCs. In fact, the expression of Itgav and Itgb3 was observed
to be low in HSCs from all embryonic stages (Figure 1C,
S1A, and S1B), consistent with our earlier published results
that established POSTN-ITGAV interaction as a negative
regulator of BM-HSC proliferation. Importantly, we de-
tected high levels of expression of integrins, such as Itga4,
Itga$, Itga6, Itgb1, which are known to play an important
role in HSC function, in FL-derived HSCs (Figures S1A
and S1B). To confirm the relative abundance of Itgav and
Itgb3 in BM versus E14.5 FL HSCs, we performed qRT-PCR
using freshly sorted cells (Figure S1C). We confirmed that
the transcript levels of both Itgav and Itgh3 were signifi-
cantly higher in the BM versus FL HSCs.

We next performed flow cytometry analysis of FL-derived
mononuclear cells (MNCs) to examine the expression of IT-
GAV and ITGB3 in different sub-populations within the
stem cell compartment (Figures 1D-1F, S1D, and S1E). On
the basis of expression of SLAM markers CD150 and
CD48, the lin~c-kit"Sca-1" (LSK) population (isotype anti-
body controls are shown in Figure S1D) was subdivided
into four sub-populations; CD150"CD48~ (P1), CD150*
CD48" (P2), CD150"CD48~ (P3), and CD150~CD48" (P4)
(Figure 1D). Subsequently, the expression of ITGAV (upper
panel) as well as ITGB3 (lower panel) in each of these pop-
ulations was assessed (Figure 1E; details of gating strategies
with isotype antibody and FMO controls in Figures S1D
and S1E). Results showed that 23.80% = 3.21% of the
most primitive HSCs (P1) from E14.5 FL MNCs expressed
Itgav (Figure 1F). The expression of ITGAV in all other
sub-populations was lower than the primitive HSC popula-
tion (p = 0.002; one-way ANOVA followed by Tukey-
Kramer test). As Itgav has been shown to partner with
ITGB3 to form a heterodimeric integrin receptor in a

(A and B) Heatmaps showing differential expression of all known a-integrin (A) and B-integrin (B) chains analyzed by RNA-seq of primitive
HSCs from E14.5 FL and adult BM. CD1507CD48~ LSK cells were sorted out from the two stages to perform paired end sequencing, reported
in our earlier study.

(C) Itgav and Itgb3 expression in HSCs sorted from different developmental stages. Raw reads were subjected to quality control and high
quality reads were aligned to mouse reference genome mm9. Reads per kilobase per million (RPKM) values obtained for Itgav and Itgb3
expression across developmental stages were plotted.

(D) E14.5 FL cells were analyzed for the cell surface expression of ITGAV and ITGB3 on various HSC sub-populations. Lin~c-kit"Sca-1* (LSK)
population was further divided into four sub-populations on the basis of expression of SLAM markers CD48 and CD150.

(E) All four sub-populations of the LSK cells were examined for the expression of ITGAV (upper panel) and ITGB3 (lower panel), separately.
(F) Proportion of different HSC sub-populations that expressed ITGAV and ITGB3. n = 4, one-way ANOVA followed by Tukey-Kramer post hoc
test: *p < 0.05, **p < 0.01, ***p < 0.005, NS, not significant.

(G) Co-expression analysis of ITGAV and ITGB3 on the primitive FL HSCs. The E14.5 FL-derived HSCs were identified as lin~CD48 ™ c-kit*Sca-
1*CD150" cells and were examined for the expression of ITGAV and ITGB3 based on flow cytometry.

See also Figure S1.
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variety of cells (Savill et al., 1990), including a number of
cancers (Eliceiri and Cheresh, 2001), we investigated the
expression of ITGB3 in the stem cell sub-populations.
The CD150°CD48~ (P1; 35.3% =+ 2.72%) and CD150"
CD48" sub-populations (P2; 41.57% + 6.17%) expressed
significantly higher levels of ITGB3 than CD150 CD48"
(P3; 29.06% + 2.90%) and CD150 CD48" (P4; 26.13% =
1.97%) sub-populations (Figure 1F p = 0.008; one-way
ANOVA followed by Tukey-Kramer test). We then exam-
ined the level of co-expression of ITGAV and ITGB3 on
the most primitive HSC population (CD150"CD48~ LSK
population). We observed that 76.25% + 6.8% of the prim-
itive HSCs from E14.5 FL that expressed ITGAV also ex-
pressed ITGB3 (Figure 1G; details of gating strategies with
isotype antibody controls in Figures S1D-S1F). Therefore,
notwithstanding lower transcript levels of Itgav and Itgh3
in primitive HSCs all across FL stages when compared
with the adult BM-derived cells, we observed a significant
level of cell surface expression of both ITGAV and ITGB3.

Loss of ITGAV in the Hematopoietic System Leads to
Increased Frequency of Phenotypic FL. Hematopoietic
Stem and Progenitor Cells

To understand the role of POSTN-ITGAV interaction, we
conditionally deleted Itgav in the hematopoietic system
by crossing Itgav™™ (Lacy-Hulbert et al., 2007) with Vav-
iCre mice (de Boer et al., 2003) (Figure S2A). Tissue from
the hindlimb bud of each E14.5 fetus was kept for genotyp-
ing to detect the wild-type (WT) or floxed Itgav allele (Fig-
ure S2B) and the Vav-iCre (Figure S2C) transgene. Genotyp-
ing confirmed normal monohybrid Mendelian genotypic
ratios between Vav-Itgav”* (WT; 26.67%), Vav-Itgav*’~ (het-
erozygous [HT]; 48.33%), and Vav-Itgav~~ (conditional
knockout [cKO]; 25%) fetuses (24— = 0.049, p=0.98) (Fig-

ure S2D) that appeared healthy with no gross change in
morphology (Figure S2E). We did observe modest but sig-
nificant increase in total FL cellularity upon biallelic dele-
tion of Itgav (Figure S2F). We then confirmed the lack of
Itgav expression in the sorted LSK population by qRT-PCR
(Figures S3A and S3B). In addition, the absence of cell sur-
face expression of ITGAV in the primitive HSC population
(SLAM LSK cells) was confirmed by flow cytometry
(Figure S3C).

Next, we compared the frequency of hematopoietic stem
and progenitor cells (HSPCs) (lin~c-kit* cells), LSK cells,
and primitive HSCs in E14.5 FL tissues (Figures 2A-2D).
Although we did not observe any significant change in
the frequency of lin~c-kit" cells (Figure 2B), we did observe
a significant increase in the frequency of LSK cells (Fig-
ure 2C) as well as primitive HSCs (Figure 2D) following Itgav
deletion. Interestingly, even monoallelic deletion of Itgav
(HT) resulted in an increase in the frequency of LSK and
primitive HSCs (Figures 2C and 2D). As we observed
increased total FL cellularity upon Itgav deletion, we
compared the total numbers of HSPCs, LSK cells, and
HSCs (SLAM LSK cells) per FL (Figures 2E-2G). We observed
an increase in the number of LSK cells and primitive HSC
population in Vav-Itgav~'~ FL tissues. Following monoal-
lelic deletion of Itgav, however, we could see an increase
in the primitive HSC population only (Figure 2G). We
then addressed if this increase in the frequency of HSPC
populations was accompanied by an altered proliferation
status. Cell-cycle analysis of the FL cells using Hoechst
and Pyronin Y staining (Figures 2H and 2I) showed only
23.63% = 1.57% of the LSK cells to be quiescent. In Vav-
Itgav~/~ fetuses, we observed a significant decrease in the
proportion (15.58% =+ 1.74%) of quiescent LSK cells
(Figure 2I). This was accompanied by an increase in the

Figure 2. Increased Frequency of Phenotypic HSCs in E14.5 Vav-Itgav "~ FL Tissues

(A) Vav-iCre and Ttgav" mice were crossed to conditionally delete Itgav in hematopoietic system. The embryos were harvested at E14.5
and genotyped to identify Vav-Ttgav*”* (WT), Vav-Itgav*’~ (HT), Vav-Ttgav ™"~ (cKO) embryos. FL tissue was used for analysis of HSC
frequency in by flow cytometry using specific antibodies.

(B-D) Quantification of frequency of various hematopoietic stem and progenitor cell populations in the FL tissue from WT, HT, and cKO
embryos at E14.5; (B) lin~c-kit* cells, (C) LSK cells, (D) primitive HSCs.

(E-G) Comparison of the total number of hematopoietic stem and progenitor cells per FL from WT, HT, and cKO embryos at E14.5; (E) lin " c-
kit" cells, (F) LSK cells, (G) primitive HSCs. (H) Cell-cycle analysis of the LSK cells harvested from E14.5 FL tissues by Hoechst 33342/
pyronin Y staining (n = 6).

(I) Comparison of the proportion of FL-derived LSK cells in various stages of cell cycle.

(J and K) Flow cytometry-based analysis performed to compare the frequency of lineage-committed cells in E14.5 FL tissue from WT, HT,
and cKO embryos. (J) Granulocytes identified as Gr-1* cells, (K) erythrocytes identified as Ter119* cells.

(L) Adhesion potential of E14.5 Vav;Itgav”* (WT), Vav;Itgav”~ (HT), and Vav;Itgav "~ (cKO) FL-derived LSK cells was compared through
in vitro adhesion assays. Freshly isolated LSK cells were allowed to adhere on ST2 cell feeder. The percentage of cells that adhered to the
feeder after 3 h was plotted for each condition (n = 4).

(M) Whole FL cells from Vav;Itgav”* (WT), Vav;Itgav*’~ (HT), and Vav;Itgav "~ (cKO) mice, were infused in lethally irradiated animals. The
percentage of transplanted colony-forming cells that homed into the BM within 16 h was plotted (n =2, N = 8).

An unpaired two-tailed Student’s t test was performed. n =2-4, N=8-14, t test: *p<0.05, **p < 0.01, ***p < 0.005. See also Figures S2
and S3.
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proportion of LSK cells in S phase from 13.96% + 1.03% in
WT to 19.06% =+ 2.26% in Vav-Itgav~/~ fetuses. Similar in-
crease in the percentage of FL LSK cells in G2/M phase of
cell cycle was also observed (16.02% + 1.06% in WT to
22.23% = 1.42% in cKO). We did not detect any changes
in the proportion of these cells in the G1 phase of cell cycle
(Figure 2I). These results indicated that the loss of Itgav
expression in the hematopoietic cells led to increased pro-
liferation rates.

We then performed flow cytometry-based analysis of FL-
derived MNCs to detect any differences in the lineage-
committed cell populations upon Itgav deletion (Figures
2], 2K, and S3D-S3G). Results demonstrated a modest but
significant increase in the proportion of Gr-1" cells in
Vav-Itgav~/~ FL tissues (Figures 2J and S3D, upper panel).
We did not observe any change in the macrophage popula-
tion identified by F4/80 expression (Figure S3E). Evaluation
of B and T cell lineages identified as CD19" (Figure S3F) and
CD3e" cells (Figure S3G) respectively, showed no change
upon [tgav deletion. We also examined whether the propor-
tion of erythroid population that makes the bulk of FL
cellularity is changed upon Itgav deletion (Figures 2K and
S3D, lower panel). We observed that biallelic deletion of It-
gav led to a modest but significant decrease in the erythroid
cell population from 69.03% + 0.58% to 65.08% =+ 2.21%.

As integrins are known for their role as cell surface adhe-
sion receptors, we examined if the lack of ITGAV had any
effect on stem cell attachment that could affect their hom-
ing and engraftment. We performed in vitro adhesion as-
says using ST2 cell feeders and PKH26-labeled LSK cells.
We observed no effect of Itgav deletion, on the proportion
of the cells that adhered to the feeder layer after a 3-h incu-
bation (Figure 2L). We also performed short-term in vivo as-
says to examine if there was any defect in their homing po-
tential. Total E14.5 FL-derived cells were transplanted in
lethally irradiated animals and the proportion of colony-
forming unit cells that homed in the BM within 16 h of
transplantation was quantified (Figure 2M). Comparison
showed no effect of loss of Itgav on the homing potential
of the FL-derived hematopoietic stem and progenitor
population.

Loss of Itgav in FL HSCs Results in Poor Long-Term
Engraftment

After confirming that Itgav deficiency led to an increase in
the frequency of phenotypic HSCs in FL tissue, we exam-
ined their functional properties using competitive repopu-
lation assays. First, 10,000 WT, HT, or cKO FL MNCs
together with 90,000 supporting CD45.1 whole BM cells
were transplanted into lethally irradiated CD45.1 recipi-
ents (Figure 3A). The primary recipients that were trans-
planted with Vav-Itgav™~ FL cells consistently showed
increased chimerism compared with the animals that

received WT cells (Figures 3B-3D). Monoallelic deletion
of Itgav did not result in any change in donor-derived
chimerism 8 weeks after transplantation (Figures 3B and
3C). After 12 weeks of transplantation, there was no differ-
ence in the level of chimerism between animals that
received Vav-Itgav~”/~ or Vav-Itgav"~ FL cells (Figure 3D).
To test the long-term engraftment potential, we trans-
planted BM cells from primary recipients into lethally irra-
diated secondary recipients. Surprisingly, 12 weeks after
secondary transplantation, we did not observe any differ-
ences between the donor-derived chimerism in animals
that received BM cells from primary recipients of the WT,
HT, or cKO cells (Figure 3E). We did not observe any signif-
icant change in the multi-lineage engraftment potential
following Itgav deletion (Figure 3F). Thus, the results from
in vivo repopulation studies indicated an increase in the fre-
quency of only short-term repopulating FL HSCs resulting
from the loss of Itgav.

To test the function of the HSC population in response to
Itgav deletion, we repeated the long-term repopulation as-
says using sorted HSCs. We transplanted 100 fluores-
cence-activated cell sorting (FACS)-sorted FL HSCs
(CD150*CD48~ LSK cells) from Vav-Itgav**, Vav-Itgav*’~,
or Vav-Itgav’/ ~ fetuses, together with 100,000 CD45.1
WBMCs cells into lethally irradiated CD45.1 recipient
mice (Figure 3A). No differences were observed among
the three groups of primary recipients for up to 8 weeks
of transplantation (Figures 3G and 3H). However, there
was a significant increase in the donor-derived chimerism
from Vav-Itgav~/~ FL HSCs at 12 weeks after transplantation
in primary recipients (Figure 3I). After 12 weeks of trans-
plantation, 10 x 10° BM cells from the primary recipients
were transplanted into lethally irradiated secondary recipi-
ents. Interestingly, we observed that donor-derived chime-
rism was lower in the cohort that received BM cells from
primary recipients transplanted with the Vav-Itgav—/~
HSCs (Figure 3J). These results indicated that the FL. HSCs
showed poor long-term engraftment in the absence of Itgav
expression, consistent with our previously published find-
ings on adult BM HSCs (Khurana et al., 2016). Importantly,
multi-lineage engraftment potential was also affected in
HSCs; however, only following biallelic deletion of Itgav
(Figure 3K). While there was an increase in the myeloid
population within the donor-derived peripheral blood
(PB) cells, there was an almost proportionate decrease in
the cells from B cell lineage. We observed no difference in
the donor-derived contribution to T cell differentiation
(Figure 3K).

Systemic Deletion of Postn Leads to Expansion of
Functional HSCs in FL

The fetal HSCs transition to an adult phenotype within a
few weeks after engraftment, masking any effects of Itgav
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Figure 3. Vav-Ttgav ™/~ HSCs Acquire Adult Phenotype During Engraftment and Show Functional Decline

(A) Schematic representation of the competitive repopulation assay performed to assess the function and/or frequency of HSCs in FL tissue
following Itgav deletion. A total of 10,000 whole FL cells from WT, HT, and cKO embryos along with 90,000 whole BM competitor cells
(CD45.1) were transplanted into lethally irradiated WT CD45.1 mice. Alternatively, the assays were performed using sorted primitive HSCs.
One hundred CD1507CD48 KLS cells together with 100,000 whole BM competitor cells (CD45.1) were transplanted into sub-lethally
irradiated WT CD45.1 mice. Peripheral blood (PB) chimerism and multi-lineage engraftment was followed for 12 weeks, after which
secondary transplantations were performed. Secondary recipients were analyzed after 3 months of transplantation.

(B-D) PB chimerism in primary recipients compared after 4 weeks (B), 8 weeks (C), and 12 weeks (D).

(E) PB chimerism in secondary recipients after 12 weeks of transplantation.

(F) Multi-lineage engraftment for myeloid (CD11b/Gr-1), T cell (CD4/CD8), and B cell (B220) lineage in secondary recipients after 12 weeks
of transplantation.

(G-I) Chimerism analysis of primary recipients transplanted with 100 sorted HSCs from WT, HT, and KO embryos, together with 100,000
competitor cells. PB chimerism was analyzed after (G) 4 weeks, (H) 8 weeks, and (I) 12 weeks of transplantation.

(J) Chimerism analysis of the secondary recipients transplanted with the BM cells of primary recipients that received freshly sorted HSCs.
PB chimerism was analyzed after 12 weeks of transplantation.

(K) Multi-lineage engraftment in secondary recipients after 12 weeks of transplantation. Analysis was performed for myeloid (CD11b/Gr-
1), T cell (CD4/CD8), and B cell (B220) lineages.

An unpaired two-tailed Student’s t test was performed. n =3, N = 15-18, t test: *p < 0.05, **p < 0.01, NS, not significant.

deletion on fetal HSCs. Therefore, we examined the effects
of loss of POSTN-ITGAYV interaction on HSC function using
cells from Postn~/~ FL tissues. While, we did not observe
any major developmental defects upon Postn deletion at
E14.5, we did observe a modest decrease in the overall
size of the embryos (Figure 4A). This was also reflected in
a marginal, but significant decrease in the weight of
Postn-deficient fetuses (KO) at E14.5 (Figure 4B). Before
the characterization of the hematopoietic system in
Postn™’~ FL tissues, we confirmed the lack of Postn at tran-
script and protein levels using QRT-PCR (Figure S4A) and
immunohistochemistry (Figure S4B), respectively. We
could not detect Postn expression in the FL tissue either at
the transcript or at the protein level. We observed a modest
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decrease in the total cellularity of Postn™/~ FL tissue as
compared with the WT (Figure 4C). Thereafter, we exam-
ined if there was any effect of Postn deletion on lineage-
committed cell populations (Figures S4C-S4F). We
observed no significant change in the proportion of granu-
locyte (Gr-1%; Figure S4C), macrophage (F4/80%; Fig-
ure S4D), B cell (B220"; Figure S4E), or T cell (CD3e*; Fig-
ure S4F) populations in the FL tissues from Postn ™/~
fetuses. We next tested if there was any effect of Postn
deficiency on the frequency of HSCs in the FL tissue (Fig-
ures 4D-4G). We did not observe any difference in the
number of lin~c-kit* HSPC population between WT and
KO fetuses (Figure 4E). However, analysis showed increase
in the frequency of LSK cells (Figure 4F) as well as the
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Figure 4. POSTN Deficiency Leads to Expansion of Functional HSCs in FL Tissue

(A) Postn™* (WT) and Postn™~ (KO) embryos were harvested at E14.5, cleared of the extra-embryonic layers and gross morphology was
compared. Scale bars, 5 mm.

(B) Individual embryos were weighed and overall weight of the WT and KO embryos was compared.

(C) Mononuclear cells from the E14.5 FL tissues were harvested and counted for the WT and KO embryos.

(D-G) The mononuclear cells harvested from the FL tissue of WT and KO embryos were analyzed for the frequency of HSC sub-populations
(D) by flow cytometry. The frequency of lin"c-kit" cells (E), LSK cells (F), and primitive HSCs (G) in E14.5 FL mononuclear cells was
compared between WT and Postn ™~ embryos. n = 6-13.

(H) Schematic representation of the competitive repopulation assays. A total of 50,000 total E14.5 FL cells or 100 E14.5 FL-derived FACS-
sorted SLAM LSK cells from Postn™* (WT) or Postn™~ embryos (CD45.1) was transplanted into sub-lethally irradiated Rag2~~yC '~ mice
(CD45.2). PB chimerism was followed for 12 weeks, after which secondary transplantations were performed using BM cells from half of the
primary recipients. The secondary recipients were analyzed for PB chimerism after 12 weeks of transplantation. The PB chimerism in the
rest of the primary recipients was analyzed for up to 24 weeks of transplantation. Donor-derived chimerism in BM LSK population was
analyzed in moribund mice. n =3, N=15-18.

(I) Donor-derived PB chimerism in primary recipients analyzed after 4, 8, and 12 weeks of transplantation.

(J) After 12 weeks of transplantation of BM cells from primary recipients, secondary recipients were analyzed for PB chimerism.

(K) Multi-lineage engraftment in secondary recipients after 12 weeks of transplantation.

(L) After 24 weeks of transplantation, donor-derived PB chimerism in primary recipients that received whole FL cells from WT or KO
embryos.

(legend continued on next page)

Stem Cell Reports | Vol. |5 | 340-357 | August 11,2020 347

'O‘



;0‘
(&

primitive HSCs (Figure 4G). As there was a modest change
in the FL cellularity, we also analyzed the total number of
cells in each of these populations, namely lin~c-kit* HSPCs
(Figure S4G), LSK (Figure S4H), and HSCs (Figure S4I), and
observed similar effects upon Postn deletion.

To assess hematopoietic function, we performed in vivo
repopulation assays (Figure 4H). Due to non-availability
of suitable CD45.2 congenic mouse line in FVB/NJ back-
ground, immune-deficient Rag2~/~yC~/~ mice were used
as recipients. Fifty thousand E14.5 FL-derived cells were
transplanted into sub-lethally irradiated Rag2/ yC /"~
mice. No competitor cells were transplanted, as the residual
hematopoietic cells (CD45.2" cells against CD45.1* donor-
derived cells) following a sub-lethal dose of radiation pro-
vided competition to the donor cells. The primary recipi-
ents that received FL cells from Postn~/~ embryos showed
higher levels of donor-derived chimerism (Figures 41 and
S4J). After 12 weeks, the BM cells from half of the primary
recipients were transplanted into sub-lethally irradiated
secondary recipients and the donor-derived chimerism
was followed for another 3 months. We observed a similar
increase in donor-derived chimerism in secondary recipi-
ents as well (Figure 4]). However, we did not observe any
change in the multi-lineage engraftment of the trans-
planted cells (Figure 4K). There was no observable differ-
ence in the proportion of cells from myeloid, T and B cell
lineage within the donor-derived PB cells (Figure 4K). Ana-
lyses were continued for the second half of the primary re-
cipients for long-term engraftment analysis. We observed a
similar increase in donor-derived PB chimerism in the ani-
mals that received FL cells from Postn /= embryos (Fig-
ure 4L). We also examined the donor-derived chimerism
in the BM LSK population in moribund mice (Figures 4M
and S4K). On expected lines, we observed a higher
proportion of donor-derived BM LSK cells in the KO FL
cell-transplanted group, although less pronounced than
PB chimerism.

To confirm if the increased repopulation potential was
due to increased hematopoietic function or HSC frequency,

we performed long-term repopulation assays using sorted
HSCs (Figure 4H). One hundred FACS-sorted primitive
HSCs from WT or Postn™/~ FL tissues were transplanted
into sub-lethally irradiated Rag2~/~yC~/~ mice. The results
showed no change in donor-derived chimerism in primary
(Figure 4N) or secondary recipients (Figure 40) that were
transplanted with HSCs from Postn™/~ FL tissues as
compared with WT. Importantly, multi-lineage engraft-
ment potential of the transplanted HSCs also remained
intact (Figure 4P). To assess the long-term repopulation po-
tential of the HSCs from Postn-deficient FL tissues, we fol-
lowed the primary recipients for up to 24 weeks. As indi-
cated by the PB chimerism after 24 weeks, we did not
observe any effect of Postn deletion on the long-term repo-
pulation potential of the FL HSCs (Figure 4Q). In addition,
we observed no change in the donor-derived chimerism in
the BM LSK cell population after 24 weeks of transplanta-
tion (Figure 4R). These results indicated that the HSCs did
not differ in their repopulation potential. Therefore, the
increased level of chimerism after transplantation of total
Postn™’~ FL cells is likely due to increased frequency of
HSCs and HSPCs.

FL HSCs Tolerate Culture-Induced DNA Damage Better
Than BM HSCs

We hypothesized that the intrinsic differences between
fetal and adult HSCs were the underlying reason for the dif-
ference in their tolerance to proliferation stress. Interest-
ingly, from our earlier published RNA-seq data, we
observed that mismatch repair (MMR), homologous
recombination (HR), nucleotide excision repair (NER),
and base excision repair (BER) were among the top 20 high-
ly expressed pathways in E14.5 FL-derived HSCs compared
with the adult BM-derived HSCs (Manesia et al., 2015).
Heatmap analysis also showed increased expression levels
of genes involved in MMR (Figure S5A), HR (Figure S5B),
NER (Figure S5C), and BER (Figure S5D). Next, we aimed
to examine the functional relevance of these pathways in
the repair of culture-induced DNA damage (Figure 5). We

(M) The primary recipients analyzed after 24 weeks of transplantation for donor-derived chimerism in BM LSK population. Proportion of
BM-derived cells in the total BM LSK cells was compared between the primary recipients that received whole FL cells from E14.5 WT or KO

embryos (n =3, N=9-12).

(N) PB chimerism in primary recipients transplanted with 100 SLAM LSK cells from the E14.5 FL tissues.
(0) Secondary recipients analyzed for donor-derived PB chimerism 12 weeks after transplantation.
(P) Donor-derived multi-lineage engraftment in secondary recipients 12 weeks after transplantation.

(Q) Sorted HSCs from E14.5 WT or KO embryos were transplanted in sub-lethally irradiated animals. After 24 weeks of transplantation,
donor-derived PB chimerism in primary recipients was compared between the two groups (n =3, N = 7-11).

(R) The primary recipients analyzed after 24 weeks of transplantation for donor-derived chimerism in BM LSK population. Proportion of BM-
derived cells in the total BM LSK cells was compared between the primary recipients that received freshly sorted HSCs from E14.5 WT or KO
embryos (n =3, N =9-12).

An unpaired two-tailed Student’s t test was performed. n =3, N =15-18, t test: *p < 0.03, **p < 0.01, ***p < 0.005, NS indicates not
significant. See also Figure S4.
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Figure 5. Elevated DNA Damage Response in FL-Derived HSCs against Culture-Induced Stress

(A-D) Bone marrow and E14.5 FL-derived KLS cells were cultured in serum-free medium in the presence of SCF and Tpo for 5 days.
Expression for DDR genes from the harvested cells (after culture [AC]) was compared with the freshly isolated (before culture [BC]) LSK cells
by performing gRT-PCR. Culture-induced change in the expression of genes that belong to different DDR pathways was plotted. (A)
mismatch repair, Pcna, Rpa3, Rfc4, Rfc5; (B) nucleotide excision repair, Cetn2, Ddb1; (C) base excision repair, Neill, Neil3, Xrcc1, Tdg; (D)
homologous recombination, Topbp1, Palb2, Mrella, Brcal, Blm. n = 4-6, t test: *p < 0.05.

(Eand F) Neutral comet assay was performed using freshly isolated and cultured KLS cells from BM and FL tissues. Olive tail moment (E) and
proportion of cells with comet tail (F) was compared for different samples. n = 4, N > 223, one-way ANOVA followed by Tukey’s multiple

comparisons test: *p < 0.05, **p < 0.01, ***p < 0.005.

(G) Immunostaining for y-H2AX was performed on freshly isolated and cultured LSK cells from BM and E14.5 FL tissues. Scale bar, 5 um.
(H) Proportion of cells with y-H2AX for was compared between different samples. n = 4, N > 173, one-way ANOVA followed by Tukey’s

multiple comparisons test: *p < 0.05, **p < 0.01.
See also Figure S5.

sorted LSK cells from E14.5 FL as well as adult BM and
cultured them in serum-free medium along with stem cell
factor (SCF) and thrombopoietin for 5 days. This expansion
medium induces proliferation of HSCs as reported previ-
ously (Khurana et al., 2013b; Sitnicka et al., 1996; Zhang
and Lodish, 2005) and expectedly; we observed faster pro-
liferation rates in FL-derived LSK cells (Figure S5E). The pro-
liferative events also led to increase in the single- and dou-
ble-strand DNA breaks, which are repaired during the
replication process. We explored if the LSK cells isolated
from FL and BM showed differences in the expression of
key genes involved in DDR pathways before and after cul-
ture-induced proliferation (Figures SA-5D). We observed
clear upregulation of DDR pathway genes in FL HSCs
upon culture. Among the genes involved in the MMR
pathway, we observed increased expression of Pcna, Rpa3,
Rfc4, and Rfc5 (Figure 5A). From the NER pathway, Cetn2
and Ddb1 (Figure 5B), and from the BER pathway, Neill,
Neil3, Xrecl, and Tdg (Figure 5C), showed similar increase
in expression. Among HR-related genes, we tested Topbp1,
Palb2, Mrel1a, Brcal, and Blm, and all showed significantly

higher levels of expression (Figure 5D). Importantly, when
we examined BM-derived LSK cells for DDR gene expres-
sion following culture, the increase in the expression of
all these DDR genes was significantly lower than what
was observed for FL-derived cells.

Gene expression may not clearly reflect the status of
functional activity of the repair pathways tested; therefore,
we next examined if there was any improvement in DNA
damage repair in these cells. Freshly sorted as well as
cultured BM- and FL-derived LSK cells were used to perform
the neutral comet assay (Figures SE and SF) to measure dou-
ble-strand breaks. Olive tail moment is a measure of DNA
damage that takes into consideration both the length of
the comet tail and the proportion of total DNA it contains.
We observed lower levels of DNA damage in freshly isolated
BM-derived cells than their FL counterparts, likely due to
higher proliferation rates in FL-derived cells. In contrast,
the olive tail moment was significantly decreased when
FL-derived LSK cells were cultured for a period of 5 days
(Figure SE). Contrary to this, we observed an increase in
double-strand breaks in BM LSK cells upon culture. We
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Figure 6. Better DNA Damage Repair in HSCs from Postn~ FL Tissues

(A-D) Postn™* and Postn™~ FL-derived LSK cells were used for assessing the expression of DNA damage response genes through qRT-PCR.
Expression of genes that belong to MMR, such as Exo1, Pcna, Setd2, and Rpa3 (A), NER, such as Cetn2, Ddb1, and Erccl (B), BER, such as Tdg,
Neil1, Neil3, and Xrcc1 (C), and HR pathways, such as Topbp1, Palb2, Brcal, and Rad51 (D) was examined. Gene transcript changes were
normalized to B-actin levels and relative expression of respective genes was examined in LSK cells from Postn™~ FL tissues as compared
with the Postn*’* FL-derived cells. Unpaired two-tailed Student’s t test. n = 4-6. *p < 0.0055.

(E and F) Freshly sorted primitive HSCs (CD150"CD48 ™~ LSK cells) from E14.5 Postn™* and Postn '~ FL tissues were used to perform neutral
comet assay. (E) Representative comets from the HSCs from Postn™* (upper panel) and Postn '~ (lower panel) FL tissues. Scale bar, 10 um.
(F) Olive tail moment compared between Postn*”* (N = 379) and Postn ™~ (N = 307) FL HSCs. n = 4-6, Mann-Whitney U test: *p = 0.0407.

also examined the proportion of cells with a comet tail and
observed similar results (Figure 5F). The proportion of FL-
derived LSK cells with comet tail decreased after 5 days of
culture while the BM-derived LSK cells showed a significant
increase, indicating functional differences in DDR path-
ways. We confirmed these observations by performing im-
munostaining for y-H2AX, a marker for DNA double-
strand breaks (Figure 5G). Both the proportion of cells
with y-H2AX foci (Figure SH) and number of the y-H2AX
foci per cell (Figure S5F) decreased in FL-derived cells after
culture. BM-derived HSPCs on the other hand accumulated
more DNA damage per cell. The results also showed that
the proportion of cells with a higher number of foci (3-5
and >5) increased significantly when BM-derived cells
were cultured (Figure S5G). Contrary to this, the DNA dam-
age was more efficiently cleared upon culture of FL-derived
HSPCs. These experiments confirmed an increased level of
DDR activity in FL-derived HSPCs than BM.

Better DDR in HSCs from Postn~~ FL Tissues

Our results demonstrated that the proliferative FL. HSCs
were significantly better in their DDRs. These intrinsic dif-
ferences resulted in increased levels of tolerance to prolifer-
ative stress in fetal HSCs as compared with their adult BM

350 Stem Cell Reports | Vol. |5 | 340-357 | August |1, 2020

equivalents. We hypothesized that the expansion of func-
tional HSCs in the FL tissues of Postn-deficient embryos
could also be linked to better DNA damage repair. To test
this hypothesis, we first checked the expression of some
of the DDR genes, earlier identified in our screen, where
HSCs isolated from FL and adult BM were compared (Fig-
ures SSA-S5D). We sorted LSK cells from FL tissues of
Postn** and Postn™’~ fetuses and performed qRT-PCR to
examine the expression of genes that belong to MMR
(Exol, Pcna, Setd2, and Rpa3; Figure 6A), NER (Cetn2,
Ddb1, and Erccl; Figure 6B), BER (Tdg, Neill, Neil3, and
Xrecl; Figure 6C), and HR pathways (Topbp1, Palb2, Brcal,
and Rad51; Figure 6D). Some of these genes (Rpa3 from
MMR; Cetn2 from NER; Neilland Neil3 from BER; and
Palb2 from HR) did not show any change in expression
upon Postn deletion. However, several of them from
MMR (Exo1, Pcna, and Setd2; Figure 6A), NER (Ddb1 and
Erccl; Figure 6B), BER (Tdg and Xrccl; Figure 6C), and HR
pathways (Palb2, Brcal, and Rad51; Figure 6D) showed sig-
nificant increase in LSK cells sorted from Postn/~ FL tis-
sues. These results indicated a possible functional improve-
ment in DNA damage repair. To test this, we performed
neutral comet assays using HSCs (SLAM LSK cells) from
Postn”* and Postn™/~ FL tissues (Figures 6E and 6F).
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Figure 7. POSTN Is Expressed in Vascular Endothelium of the FL

(A) PSTN expression was examined in the E14.5 fetuses using immunohistochemistry on 10-um formalin-fixed paraffin-embedded sections
followed by confocal imaging. Specific antibodies were used to identify the cells expressing POSTN, nuclear counterstaining was done
using Hoechst 33342. Regions with compelling levels of POSTN expression; namely, the developing ribs (yellow arrows), diaphragm (white
arrows), and the tissue of interest, FL (blue round head arrows), are indicated (n = 4). Scale bar, 1 mm.

(B-D) Enlarged POSTN-expressing regions from the tiles were extracted. (B) Developing ribs showing marrow as well as the mesenchymal
tissue (n = 3). Scale bar, 50 um. (C) Muscular diaphragm (n = 3). Scale bar, 50 um. (D) Vascular region in the FL tissue (n = 4). Scale bar,
20 pm.

(legend continued on next page)
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Comparison of the olive tail moment of individual cells
showed clear decrease in the DNA damage in the HSCs
derived from Postn™~ FL tissues (Figure 6F; n = 3, N =
105-132, *p = 0.04). We concluded that, during embryonic
development, proliferative stress is tolerated by increased
levels of DDRs.

POSTN Is Expressed in Vascular Endothelium of the FL

Results presented above further established POSTN as a
negative regulator of HSC proliferation across develop-
mental stages, notwithstanding the impact on their overall
stemness. Inhibition of its interaction with ITGAV in the FL
led to the expansion of the HSC pool size without any loss
of stemness. We investigated if POSTN was involved in
the creation of HSC niche in the FL tissue. To determine
where POSTN is expressed within the E14.5 FL tissue, im-
muno-histochemical analysis was performed on 10-pm
formalin-fixed paraffin-embedded sections. Confocal im-
aging clearly showed that POSTN was expressed in most
of the skeletal primordial structures linked with bone for-
mation (Figure 7A). Further examination of POSTN expres-
sion in specific tissues within the fetal sections revealed
high levels of expression in the cartilage primordia of the
rib shaft (Figure 7B). In fact, the entire vascular perichon-
drium surrounding the non-vascular fetal hyaline cartilage
expressed POSTN. However, we did not observe any POSTN
expression within the developing rib marrow. In addition
to the developing ribs, we observed abundant POSTN
expression associated with the skeletal muscle fibers of
the developing diaphragm that is rich in connective tissue
and tendon (Figure 7C). Gross analysis showed that the
majority of cellsin the FL tissue did not express POSTN (Fig-
ure 7A). However, upon detailed examination of the FL tis-
sue, we observed POSTN signals from the vascular lining
not restricted to a specific part of the tissue (Figure 7D).
Vascular endothelium has been shown to play an impor-
tant role in creating the HSC niche in the BM as well as
in the FL tissue. Therefore, we tested if indeed it was the
endothelium associated with the developing hepatic
vasculature that expressed POSTN. We used Endoglin and
CD31 as endothelial markers and examined the proportion
of these cells that expressed POSTN. We analyzed z stack
images taken at 0.35-um step-size to count individual
endothelial cells and tested for POSTN expression (Fig-
ure S6; Videos S1, S2, S3, and S4). Quantification showed
that 91.29% + 3.07% of Endoglin® (Figure S6A; Video S1
and S2) and 89% =+ 2.08% of CD31" cells (Figure S6B;
Videos S3 and S4) also expressed POSTN (n = 3, N =271-

300). We detected POSTN expression in some non-endo-
thelial cells also, but vascular endothelium was clearly the
most prominent cell type with POSTN expression. Careful
observations showed that at least a part of the non-endo-
thelial POSTN signals appeared non-cellular. As POSTN is
a known ECM binding protein, we examined if POSTN
showed co-localization with laminin associated with basal
lamina (Figure 7E; Video SS5). It was clear that CD31" endo-
thelial cells expressed POSTN, although both signals were
spatially distinct (Figure 7E, lower panel; Video S6). Impor-
tantly, POSTN signals showed clear overlap with laminin,
associated with basal lamina. Overall, we show that POSTN
is a potential component of HSC niche in the FL tissues and
acts as a negative regulator of proliferation in otherwise
proliferative HSCs.

DISCUSSION

We earlier demonstrated that POSTN-ITGAV interaction
promotes quiescence in adult BM HSCs (Khurana et al.,
2016). Here, we present evidence that systemic loss of Postn
results in increased proliferation of FL HSCs. It has been
well documented that the HSCs in FL tissue proliferate
extensively (Morrison et al., 1995). In addition, upon trans-
plantation in lethally irradiated animals competitive repo-
pulation units (CRUs) from E14.5 FL show more robust
engraftment than BM CRUs, along with a much higher
clonal expansion (Rebel et al., 1996). Our studies confirm
the observation that significantly fewer FL HSCs are quies-
cent (in the GO stage of the cell cycle) compared with adult
BM HSC:s. The fraction of FL HSCs in S and G2M phases was
increased in Vav-Itgav~”/~ embryos, perhaps indicating
faster G1 progression. Long-term repopulation assays
demonstrated that, in contrast to the BM HSCs from
Postn™~ mice, enhanced proliferation of FL HSCs did not
affect their function. Hence, enhanced proliferation of FL
HSCs resulted in de facto expansion rather than functional
decline. This was reflected clearly in their robust multi-line-
age engraftment potential, even upon transplantation into
secondary recipients.

It has been demonstrated that HSCs keep proliferating
postnatally to create a pool of HSCs that take up newly
formed BM niches (Bowie et al., 2006). In mice, transition
from a proliferative to quiescent phenotype takes place 3-
4 weeks after birth. Detailed experiments later showed
that E14.5 FL-derived HSCs, transplanted in irradiated
hosts for 4-6 weeks, were indistinguishable from adult

(E) Immuno-staining of the FL sections with endothelial marker CD31 and ECM protein laminin, along with POSTN. The sections were
counterstained with Hoechst 33342 (upper panel) (n=4). Scale bar, 10 um. The lower panel shows an enlarged part of the section shown in

the upper panel. Scale bar, 5 um).
See also Figure S6.
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BM HSCs (Bowie et al., 2007). As the proliferative HSCs
from FL transit to a quiescent state after transplantation,
the phenotype due to lack of Itgav will be due to the
changes in functioning of the adult HSCs. Due to intrinsic
genetic alteration, true reflection of functional change spe-
cifically at fetal stage will be masked. Therefore, a snapshot
of the functional status of HSCs after interruption of
POSTN-ITGAV interaction was possible only by using
Postn™~ FL HSCs. It could be seen through the long-term
repopulation assays performed using total FL cells that
donor-derived chimerism was higher when cells from
Postn™~ fetuses were transplanted. Further studies using
sorted HSCs confirmed that the HSCs from Postn /"~ FL tis-
sues did not differ in their engraftment potential. Put
together, in vivo repopulation assays confirmed an overall
expansion of HSCs in FL, wherein POSTN-ITGAV axis was
disrupted. This was unlike their BM counterparts, where a
loss of function upon entry into the cell cycle was observed;
indicating intrinsic differences between the stem cell pop-
ulations from different developmental stages. In fact, the
in vivo engraftment assays using Vav-Itgav~”/~ FL HSCs
confirmed our earlier findings. We observed poorer engraft-
ment, with myeloid skewing, as these cells transited to the
adult BM phenotype after transplantation.

Earlier, our group (Manesia et al., 2015) and McKinney-
Freeman et al. (2012) reported the transcriptional profile
of primitive HSCs from different fetal developmental stages
compared with adult BM HSCs. Further evaluation of path-
ways that were differentially expressed in our RNA-seq da-
taset identified increased levels of DDR pathway genes in
FL HSCs (Figure S5). DNA damage accumulation in HSCs
is linked with functional decline during aging (Rossi
et al., 2007). In addition, in a number of mouse models
with defective DDRs, pre-mature aging of HSCs was
observed (Ito et al., 2004). These changes involve increased
proliferation of HSCs, poorer engraftment potential, and
differentiation skewed toward myelopoiesis at the expense
of lymphopoiesis (Rossi et al., 2005). Our results demon-
strate that the outcome of increased HSC proliferation is
influenced by the developmental context. We observed
that ex vivo culture of E14.5 FL HSCs was associated with
significantly better DNA damage repair than adult HSCs.
Not only was there an increased expression of genes
belonging to different DDR pathways, but we also observed
that the extent of DNA repair was significantly greater in FL
than adult BM HSPCs. In line with these findings, we
observed increased levels of DNA damage repair genes re-
sulting in lower levels of double-strand breaks in the FL
HSCs from Postn-deficient embryos. It has clearly been es-
tablished that DNA damage signaling is well-linked with
cell-cycle progression through several check-points (Jack-
son and Bartek, 2009). Our results indicate that the
strength of this signaling might be developmental context

dependent. First, a stronger activation of DDR pathways
during embryonic development ensures that the prolifera-
tion stress is well tolerated. Secondly, a further increase in
proliferation rates induced faster repair kinetics in HSCs
in Postn-deficient embryos resulting in overall HSC expan-
sion without any loss of stemness.

We earlier reported that E14.5 FL HSCs have higher mito-
chondrial activity resulting in increased levels of reactive ox-
ygen species (ROS) (Manesia et al., 2015). However, this
oxidative stress appears to be well tolerated by the fetal
HSCs unlike their adult BM counterparts (Wang et al.,
2014). The observation that FL HSCs possess enhanced
DNA repair capabilities, reported here, may also help explain
this contrast. Increased ROS levels are considered to be one
of the major factors underlying DNA damage accumulation,
ultimately leading to poorly regulated cell-cycle progression
(Yahataetal., 2011). Antioxidants have been used to reverse
the effects of increased ROS levels in response to increased
mitochondrial respiration (Ito et al., 2006).

In addition to providing clues to the genetic basis of
functional differences between fetal and adult HSCs, our re-
sults also provide key insights into the role of outside-in in-
tegrin signaling. The results presented here confirm the
role of the POSTN-ITGAYV axis in the regulation of cell-cycle
progression in HSCs irrespective of the developmental
stage. A recent study implicated the POSTN-integrin axis
in mediating the effects of the vitamin K antagonist
warfarin, used clinically to prevent thromboembolic
events (Verma et al., 2019). Warfarin inhibited HSC func-
tion through blocking <y-carboxylation of POSTN,
decreasing the binding of POSTN to ITGB3. Infusion of
carboxylated POSTN rescued animals from warfarin-
induced coagulation defects. Expression of ITGB3, an IT-
GAV binding partner, has been correlated with the quies-
cent properties and long-term repopulation potential of
HSCs (Umemoto et al., 2006). Although, RNA-seq results
demonstrate that transcript levels of Itgav and Itgh3 in FL
HSCs is lower than in BM HSCs, significant levels of cell sur-
face expression of ITGAV and ITGB3 were observed in
E14.5 FL-derived primitive HSCs. There is evidence that
the ITGAV-B3 heterodimer can be involved in inside-out
signaling, affecting adhesion of cells to ECM, possibly
through binding to POSTN (Umemoto et al., 2012). How-
ever, we have demonstrated that loss of Itgav from adult
BM HSCs did not affect their adhesion potential (Khurana
et al., 2016).

The availability of modern imaging tools, aided with
more accurate reporter mouse lines, contributed to the
expansion in our knowledge about the physical location
of HSCs in the BM. These tools have unequivocally estab-
lished the importance of BM vasculature in the physical
maintenance of primitive HSCs (Boulais and Frenette,
2015). Even functional decline of HSCs during aging has
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been attributed to the genetic and physical changes in the
vascular niche (Kusumbe et al., 2016). The most crucial of
the factors that regulate HSC function have been shown
to be expressed within the cellular components of these
niches. A variety of cell types associated with different
vessel types have been shown to express crucial regulators
of adult hematopoiesis (Sasine et al., 2017). Of note, the
expression of hematopoietic regulators, such as SCF (Ding
et al., 2012) and stromal cell-derived factor-1le (Ding and
Morrison, 2013) was used to identify the microenviron-
ment of the most primitive HSCs in the BM. These experi-
ments established the importance of BM vascular niche,
not only to physically host the HSCs, but also in regulating
their function. Our experiments also showed that POSTN
expression is largely restricted to vascular areas in the FL tis-
sue. In fact, recent findings have indicated that HSCs take
up vascular niches in the FL (Tamplin et al., 2015). In Zebra-
fish, endothelial cells assisted the colonization of caudal
hematopoietic tissue by the incoming HSCs and this phe-
nomenon was conserved in mouse. Interestingly, at a later
stage in mouse FL tissue, it was noted that the Ng2*Nestin*
pericytes, associated with portal vessels, were a crucial
component of the HSC niche (Khan et al., 2016). Overall
though, high levels of POSTN expression were observed
in skeletal tissues in the developing fetus, such as in the
developing ribs and diaphragm, both tissues rich in muscle
cells and ECM proteins (Merrell and Kardon, 2013; Quon-
damatteo et al., 2002). This was in line with the earlier pub-
lished findings that POSTN is associated with ECM pro-
teins, such as type I collagen (Norris et al.,, 2007),
fibronectin (Takayama et al., 2006), laminin (Nishiyama
et al., 2011), as well as skeletal structures.

In conclusion, we present evidence for differential re-
sponses of HSCs to enhanced proliferation, such as caused
by disruption of the POSTN-ITGAV axis, depending upon
their developmental stage. Loss of POSTN in the HSC niche
induces proliferation; however, this is associated with func-
tional decline only in the adult BM. By contrast, an expan-
sion of the HSC pool is observed in Postn™/~ FL tissue. We
present evidence that fetal HSCs might be less vulnerable
to proliferation-induced stress due to increased levels of
DNA damage repair.

EXPERIMENTAL PROCEDURES

Animals

The animals were bred at the animal facilities of KU Leuven, Rajiv
Gandhi Center for Biotechnology, and IISER Thiruvanantha-
puram. During the experiments, mice were maintained in isolator
cages, fed with autoclaved acidified water and irradiated food ad li-
bitum. All animal experiments were approved by the Institutional
Animal Ethics Committees for the respective animal facilities, de-
tails can be found in Supplemental Information.
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Long-Term Repopulation Assays

A single dose of 3.5 Gy (sub-lethal dose) or 10 Gy (sub-lethal dose)
was given to the animals, a day before the test cells were trans-
planted. Mononuclear cells or the sorted HSCs E14.5 Vav-Itgav**,
Vav-Itgav*’~, and Vav-Itgav~/~ FL tissue were transplanted along
with the competitor cells into lethally irradiated mice. Transplan-
tation of sorted or unsorted FL HSCs from Postn*’* and Postn™~ em-
bryos was petformed into sub-lethally irradiated Rag2~/ vC~/~
mice, without competitor cells. PB chimerism analysis was per-
formed every 4 weeks after which transplantation into secondary
recipients was performed, which was followed for an additional
12 weeks. Further details can be found in Supplemental
Information.

Statistical Analysis

All data are represented as mean + SEM. Normal distribution of
data was tested using the Shapiro-Wilk test. The equality of group
variance was tested using the Brown-Forsythe test. Comparisons
between samples from two groups with normally distributed
data with equal variance were made using the unpaired two-tailed
Student’s t test. The Mann-Whitney test was used for comparing
two groups where data were non-normally distributed. For multi-
ple comparisons of the normally distributed data with equal vari-
ance, one-way ANOVA was performed followed by the Tukey-
Kramer post hoc test. Non-normally distributed data was analyzed
by the Friedman test. The chi-square test was used for testing the
goodness of fit of the observed ratios among genotypes of embryos
to expected Mendelian ratio. Statistical analyses were performed
with Microsoft Excel or GraphPad Prism 6. For all analyses,
p values <0.05 were accepted as statistically significant, n repre-
sents the number of biological repeats and N represents total num-
ber of technical repeats across experiments.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2020.06.022.
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Figure S1: Expression of Itgav and Itgb3 in FL HSCs.

(A,B) Expression of all known a- (A) and B- (B) integrin chains analyzed by RNASeq of primitive
HSCs from E14.5 FL and adult BM. CD1507CD48" LSK cells were sorted out from the two stages to
perform paired end sequencing, reported in an earlier study from our group. RPKM values for
each gene is presented.

(C) Freshly sorted primitive HSCs (CD150°CD48LSK cells) were used to assess the expression of
Itgav and Itgb3 by performing quantitative RT-PCR (Unpaired two tailed Student’s t-test was
performed. n=6, * p<0.05).

(D) Isotype antibody controls for the antibodies used for flow cytometry analysis of different
stem cell sub-populations in hematopoietic system. Isotype controls used were FITC conjugated
Rat IgG2a and 2b for lineage cocktail, PE/APC-Cy7 conjugated Rat IgG2bk for c-kit, PerCP-Cy5.5
conjugated Rat IgG2a k for Sca-1, FITC/APC conjugated Armenian hamster IgG for CD48, PE-Cy7
conjugated Rat IgG2a A for CD150.

(E) Gating strategy and isotype/FMO controls to examine Itgav and Itgb3 expression in various
stem cell sub-populations in E14.5 FL cells. Total mononuclear cells (MNCs) wee labeled with
FITC conjugated lineage antibody cocktail, APC conjugated c-kit, PerCP-Cy5.5 conjugated Sca-1,
APCCy7 conjugated CD48 and PE-Cy7 conjugated CD150 antibodies. Along with these Isotype
antibodies for Itgav (CD51) or Itgh3 (CD61) were also used, separately. These were PE
conjugated Rat IgG1k for CD51 and PE conjugated Armenian hamster IgG was used for CD61.

(F) Fluorescence minus one (FMO) control used for co-expression analysis of Itgav and ltgbh3 on
primitive HSCs derived from E14.5 FL MNCs.

Related to Figure 1
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Figure S2: Generation and preliminary characterization of Vav-Itgav’/' fetuses

A) Vav-iCre and /tgavﬂ/ﬂ mice were crossed to conditionally delete /tgav in hematopoietic system.
Fetuses at E14.5 from F2 generation were harvested and genotyped to identify Vav—ltgav+/+ (WT), Vav-
Itgav+/' (HT), Vav—ltgav'/' (cKO) embryos.

B,C) Genotyping PCR was performed to identify Itgav+//tgavﬂ alleles as well as Vav-iCre construct using
specific primers given in Table S1.

D) Comparison between the numbers of Vav-iCre” fetuses from each genotype Vav—/tgav+/+, Vav-
Itgav+/', Vav—Itgav'/'. To test the goodness of fit of the observed ratios among genotypes of embryos to
expected mendelian ratio, Chi-square test was employed (n=15-29, x’4-,=0.049, p=0.98).

E) Gross morphology of the fetuses upon mono- or bi-allelic deletion of Itgav in comparison to control
littermates. Scale bar=5mm

F) Comparison of the total number of mononuclear cells from fetal liver tissue per embryo. (n=3, N=8-
12, t test: * p<0.05)

Related to Figure 2
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Figure S3: Confirmation of Itgav deletion and lineage analysis of E14.5 Postn™ fetal liver tissues

A,B) Confirmation of Vav-iCre mediated Iltgav-deletion in hematopoietic stem and progenitor cells. LSK
cells from FL tissues were sorted from Vav—/tgav+/+ (WT), Vav—/tgav+/' (HT), Vav—/tgav'/' (cKO) embryos.
Freshly isolated cells were used for quantification of /tgav expression using quantitative RT-PCR
analysis. Expression levels were shown using ACt values (A) and comparisons were made by calculating
fold changes following mono- or bi-allelic deletion of /tgav (B).

(C) Flowcytometry based assessment of Itgav expression in primitive HSCs from Vav—ltgav+/+ (WT), Vav-
Itgav+/' (HT), Vav—ltgav'/' (KO) embryos.

D-G) Flow cytometry based analysis performed to compare the frequency of various lineage-
committed cells in E14.5 FL tissue from WT, HT and cKO embryos. (D) Gating strategies followed

for analyzing Gr-1" and Ter119" populations. (E-G) Flow cytometry based analysis performed to
compare the frequency of F4/80+ (E), CD19+ (F) and CD3e+ cells (G) in E14.5 FL tissue from WT,

HT and cKO embryos. Gating strategies are shown in upper panels.

(n=8-12, t-test NS p<0.05)

Related to Figure 2
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Figure S4: Lineage analysis of E14.5 Postn™ fetal liver tissues

A) Confirmation of lack of Postn expression in hematopoietic niche in the E14.5 fetal liver. Quantitative
RT-PCR was performed on lin'CD45" cells isolated from the FL tissues by MACS.

B) Postn specific antibodies were used to detect its expression in WT FL tissue at E14.5 (upper panel).
Vasculature was identified by using anti-CD31 antibodies. Nuclear counterstaining was performed
using Hoechst 33342. Lack of expression of Postn in FL tissues from Postn” embryos was also
confirmed (lower panel). Scale bar=5um

(C-F) Mononuclear cells from E14.5 fetal liver cells were analyzed for the proportion of; C) Gr-1°
(granulocytes), D) F4/80" (macrophages), E) B220" cells (B-cells) and F) CD3e" cells (T-cells). (n=11-14, t-
test NS p<0.05)

(G-1) Comparison of the total number of hematopoietic stem and progenitor cells per FL from

WT, Postn”" embryos at E14.5; (G) linc-kit" cells, (H) LSK cells, (1) primitive HSCs.

J) Gating strategy used to quantify donor-derived chimerism. CD45.1" cells were identified as
donor-derived cells, while CD45.2" cells were recognized as recipients’ leukocytes. Multi-lineage
chimerism into myeloid (CD11b/Gr-1" cells), B-cell (B220%) and T-cell lineage (CD4/CD8") was
examined within the donor-derived population in animals transplanted with FL cells or freshly
isolated FL HSCs from WT/KO embryos.

K) Gating strategy followed to quantify donor-derived chimerism in BM LSK cell population. LSK

cells was gated from within the total BM MNC population and the proportion of donor-derived

cells was examined by using antibodies against CD45.1 and CD45.2.

An unpaired two tailed Student’s t-test was performed. n=3, N=15-18, t test: * p<0.03, **p<0.01,

NS indicates not significant.

Related to Figure 4
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Figure S5: DNA damage response pathway genes are enriched in E14.5 FL derived LT-HSCs

A-D) Heatmap showing relative transcript levels of genes from DNA damage response pathways.
RPKM values were used from RNA-Seq analysis of FACS sorted HSCs from E14.5 FL and adult BM
HSCs (accession number E-MTAB-4034).

A) mismatch repair (MMR), B) homologous recombination (HR), C) nucleotide excision repair
(NER), and D) base excision repair (BER) differentially regulated in FL versus BM derived LT-HSCs
identified earlier through KEGG pathway analysis.

E-G) Bone marrow and E14.5 FL derived LSK cells were cultured in serum free medium in the
presence of SCF and Tpo for five days. Freshly cells were counted and immunostaining for y-
H2AX was performed on freshly isolated (before culture; BC) and cultured LSK (after culture; AC)
cells from E14.5 FL and adult BM.

E) Comparison of the expansion potential of BM and E14.5 FL derived LSKs. The ratio of cells
harvested after 5 days of culture with starting population was compared between the two
developmental stages.

F) Quantification of y-H2AX foci per cell in freshly isolated or cultured FL and BM derived LSK
cells.

G) Comparison of proportion of cells with different levels of DNA damage based on number of y-
H2AX foci per cell.

n=4, N>173, one-way ANOVA followed by Tukey’s multiple comparisons test * p<0.05.

Related to Figure 5 and Figure 6
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Figure S6: Postn is expressed in vascular endothelium of the fetal liver

Immuno-staining performed to identify the cells that express Postn. Vascular endothelial cells
were identified by using specific markers; (A) Endoglin and (B) CD31. Immunostaining was
performed using Postn specific antibodies along with the endothelial cell specific markers. Lower
panels for both A and B show enlarged portion of the sections shown in the upper panel.
Counterstaining for nucleus was performed using Hoechst 33342 (n=3-5, scale bar= 10um for
upper panels and 5um for the lower panels)

Related to Figure 7



Table S1. Primer sets used in this study, related to Figure 5, 6, S1, S2, S3 and S4

S.No. | Primer Name Sequence 5’-3’

1 Genotyping Postn-/-_F GGT GCT TCT GTAAGG CCATC
Genotyping Postn-/-_R GTG AGC CAG GACCTT GTC ATA
Genotyping Postn-/-_Int-as AGC ACT GACTGC GTT AGC AA

2 Genotyping Itgav-fl/fl_F GGTGACTCAATCTGTGACCTTCAGC
Genotyping Itgav-fl/fl mice_R CACAAATCAAGGATGACCAAACTGAG

3 Genotyping Vav-iCre_F CCATGGCACCCAAGAAGAAG
Genotyping Vav-iCre_R GCTTAGTTTTCCTGCAGCGG

4 Mm-Topbpl_F AGAGGCTACTGCCCAGAACA
Mm-Topbpl_R CGAGGCCGTTTGACTACATT

5 Mm-Brcal_F GGCTTGACCCCCAAAGAAGT
Mm-Brcal_R TGTCCGCTCACACACAAACT

6 Mm-Palb2_F GGGAAACGAAAATCAGCCCG
Mm-Palb2_R AACCACGCCTCTGTTCTGAC

7 Mm-Mrella_F CTGGGAGCGGTTTTCTTGTG
Mm-Mrella_R TGGATCTGTGGGGCTCATTT

8 Mm-Blm_F CTTGGGAGCTGAAAGAGGTG
Mm-Blm_R AACGAGGAAGAAGCAGTGGA

9 Mm-Pcna_F GAGGGTTGGTAGTTGTCGCT
Mm-Pcna_R CTCAAACATGGTGGCGGAGT

10 | Mm-Rfc4_F GCCAAAGCACAACTGACCAAG
Mm-Rfc4_R CACTGCAACCACTTCGTCCT
11 Mm-Rfc5_F AGAACGCCTTGAGACGAGTG
Mm-Rfc5_R TCAGAGGGCCAAATCGGAAC
12 Mm-Rpa3_F CGCCAGCATGTTACCACAGTA
Mm-Rpa3_R ATTTCCTCGTCAAGTGGCTCC
13 Mm-Ddb1_F GTGTCTCAAGAGCCCAAAGC
Mm-Ddb1_R TCTCTGTGTGGCTGATTTGC
14 | Mm-Cetn2_F TGCAGTGGCTTCTTAGTTGTCC
Mm-Cetn2_R ATGCCACAGCAAGCACTCAT
15 Mm-Neill_F AAGGGGCTGGTATTTGGTGG
Mm-Neill_R CTCAATGTCAAGCGCAGCTC
16 | Mm-Neil3_F CGGTGGAAAGCCAACAGAGA
Mm-Neil3_R ACACATCACACAGCATCCGA
17 | Mm-Xrccl_F AAAGAGTGGGTGCTGGACTG
Mm-Xrccl_R AGCTTGGGAGCTTCGTCTTC
18 | Mm-Tdg_F CCCCGATCCTGTGCTATTCTC
Mm-Tdg_R GTCACGGTTGCCATGTTAGG
19 | Mm-Exol_F CCTACAGCCACTTAGACCCAA
Mm-Exol_R ACAATCTTAGGCAGACAGCTCC
20 | Mm-Setd2_F CCCGACCCCTGAAGAAGAAG
Mm-Setd2_R CCGTCCCTGTTCCTCCAAAT
21 Mm-Erccl_F AAGAACTTCGCCCTTCGTGT
Mm-Erccl_R GCTTCCTCTGCACTCCAGG
22 Mm-Rad51_F TCTGTAAGTGGGAATGGGTG
Mm-Rad51_R TGCTGCATGTAAGACTCCTT
23 Mm-Postn_F TGCTGCCCTGGCTATATGAG
Mm-Postn_R GTAGTGGCTCCCACAATGCC
24 | Mm-Itgav_F CCAGCCCATTGAGTTTGATT
Mm-Itgav_R TTTGACCTGCATGGAGCATA




Table S2. List of antibodies used in this study, related to Figure 1, 2, 3, 4, 5, 7, S1, S3, S4, S5, S6.

w
-

No. Antibody Company Catalogue No. | Clone Isotype
1 anti-mouse B220 FITC BD Biosciences 553088 RA36B2 Rat 1gG2a, k
2 anti-mouse Ter119 FITC Ebiosciences 11-5921-85 TER119 Rat IgG2b, k
3 anti-mouse Grl FITC Ebiosciences 11-5931-85 RB6-8C5 Rat 1gG2b,
4 anti-mouse CD4 FITC Tonbo 35-0041 GK1.5 Rat 1gG2b,
5 anti-mouse CD8a FITC Tonbo 35-0081 53-6.5 Rat 1gG2a, k
6 anti-mouse c-kit APC Tonbo 20-1172 ACK2 Rat 1gG2b,
7 anti-mouse c-kit APCCy7 Biolegend 105826 2B8 Rat 1gG2b,
8 anti-mouse Sca-1 PerCPCy5.5 | Biolegend 122524 D7 Rat I1gG2a,
9 anti-mouse CD150 PECy7 Ebiosciences 25-1502 mShad150 | Rat IgG2a, A
10 | anti-mouse CD48 APCCy7 Biolegend 103432 HM48-1 Armenian Hamster IgG
11 | anti-mouse CD48 FITC Ebiosciences 11-0481-85 HM48-1 Armenian Hamster IgG
12 anti-mouse CD51 Biotin Ebiosciences 13-0512-82 RMV-7 Rat I1gG1, k
13 anti-mouse CD51 PE LS Bio Ls-C106287 RMV-7 Rat IgG1, k
14 | anti-mouse CD61 PE Ebiosciences 12-0611-83 2C9.G3 Armenian Hamster IgG
15 anti-mouse CD45.1 APC BD Biosciences 558701 A20 Mouse 1gG2a, k
anti-mouse CD45.2 Lo
16| percpeys s BD Biosciences | c7950 104 Mouse 1gG2a, K
17 | anti-mouse F4/80 APCCy7 Biolegend 123117 BMS8 Rat 1gG2a, «
18 anti-mouse CD3e BD Biosciences 553064 145-2C11 | Armenian Hamster IgG1 k
19 | anti-mouse Postn R&D AF2955 Polyclonal | Goat IgG
20 | anti-mouse CD31 R&D AF3628 Polyclonal | Goat IgG
21 | anti-mouse endoglin eBioscience 13-1051-82 MJ7/18 Rat 1gG2a, «
22 | anti-mouse laminin abcam ab11575 Polyclonal | Rabbit IgG
23 anti-mouse y-H2AX AF647 BD 560447 N1-431 Mouse BALB/c IgG1, k
24 anti-mouse CD11b FITC Ebiosciences 11-0112-82 M1/70 Rat 1gG2b,
25 anti-mouse B220 PECy7 Ebiosciences 25-0452-82 RA3-6B2 Rat IgG2a, k
26 | anti-mouse CD4 PE Tonbo 50-0041-U100 | GK1.5 Rat IgG2b, k
27 anti-mouse CD8 PE eBioscience 12-0081-82 53-6.7 Rat IgG2a, k
28 | anti-mouse c-kit PE eBioscience 12-1172-82 ACK2 Rat IgG2b, k
29 anti-mouse Sca-1 PECy7 Ebiosciences 25-5981-82 D7 Rat IgG2a, k
30 anti-mouse CD48 APC Ebiosciences 17-0481-82 HM48-1 Armenian Hamster IgG
31 APC-Lineage antibody BD Biosciences 558074 Armenian Hamster IgG1,
cocktail 145-2¢11 K
M1/70 Rat IgG2b, k
RA3-6B2 Rat 1gG2a, Kk
TER-119 Rat 1gG2b,
RB6-8C5 Rat 1gG2b,
32 Rat IgG2a, k FITC BD Biosciences 553929 R35-95
33 Rat IgG2a, k PerCPCy5.5 BD Biosciences 550765 R35-95
34 Rat IgG2a, k APCCy7 BD Biosciences 552770 R35-95
35 Rat IgG2a, A PECy7 BD Biosciences 560721 B39-4
36 Rat 1gG2b, k FITC BD Biosciences 553988 A95-1
37 Rat 1gG2b, k APC BD Biosciences 553991 A95-1
38 Rat 1gG2b, k PE BD Biosciences 553989 A95-1




39 Rat IgG2b, k APCCy7 BD Biosciences 552773 A95-1

40 Mouse IgG2a, kK APC BD Biosciences 551414 G155-178

41 Mouse IgG2a, K PerCPCy5.5 BD Biosciences 552577 G155-178

42 Mouse IgG2a, k PECy7 BD Biosciences 552868 G155-178

43 Mouse IgG2a, k PE BD Biosciences 553458 G155-178

Armenian Hamster IgG

44 | APCCy7 Biolegend 400927 HTK888

45 | Armenian Hamster IgG FITC Biolegend 400905 HTK888

46 | Armenian Hamster IgG PE Biolegend 400907 HTK888

47 | Armenian Hamster IgG APC Biolegend 400911 HTK888
Jackson

48 | Donkey Anti-Goat IgG AF647 | ImmunoResearch | 705-607-003 Polyclonal
Jackson

49 | Donkey Anti-Goat IgG AF488 | ImmunoResearch | 705-547-003 Polyclonal
Jackson

50 | Goat Anti-Rabbit IgG AF 647 | ImmunoResearch | 111-607-003 Polyclonal
Life Technologies,

51 | Goat Anti-Rat IgG AF 647 Invitrogen A21247 Polyclonal




Supplementary Videos

Video S1. Z-stack series and maximum projection of confocal images showing Postn expression
in endoglin expressing vascular endothelial cells. Postn in red, endoglin in green and Hoechst
33342 in blue. Scale bar 10um. Related to figure 6

Video S2. Z-stack series and maximum projection of zoomed-in confocal images showing Postn
expression in endoglin expressing vascular endothelial cells. Postn in red, endoglin in green and
Hoechst 33342 in blue. Scale bar 10um. Related to figure 6

Video S3. Z-stack series and maximum projection of confocal images showing Postn expression
in CD31 expressing vascular endothelial cells. Postn in red, CD31 in green and Hoechst 33342 in
blue. Scale bar 10um. Related to figure 6

Video S4. Z-stack series and maximum projection of zoomed-in confocal images showing Postn
expression in CD31 expressing vascular endothelial cells. Postn in red, CD31 in green and
Hoechst 33342 in blue. Scale bar 10um. Related to figure 6

Video S5. Z-stack series and maximum projection of confocal images showing Postn co-
localization with ECM protein laminin around CD31 expressing vascular endothelial cells. Postn in
red, CD31 in green, laminin in blue and Hoechst 33342 in white. Scale bar 10um. Related to
figure 6

Video S6. Z-stack series and maximum projection of zoomed-in confocal images showing Postn
co-localization with ECM protein laminin around CD31 expressing vascular endothelial cells.
Postn in red, CD31 in green, laminin in blue and Hoechst 33342 in white. Scale bar 10um. Related

to figure 6



Supplemental experimental procedures

Animals: Six to eight weeks old FVB/NJ, C57BL/6J-CD45.2 (Centre d'Elevage R. Janvier, Le Genest-
St Isle, France), B6.SIL-PTPRCA-CD45.1 (Charles River Laboratories, Raleigh, NC), Postn”"
(generated in FVB/NJ background) *, Vav-iCre * (from Thomas Graf, Centre for Genomic
Regulation, Barcelona), /tgavﬂ/ﬂ 3 Rag2'/'yC’/' (from Prof. Chantal Mathieu, Clinical and
Experimental Endocrinology, UZ Leuven, Leuven, Belgium) mice were used. The animals were
bred at the animal facilities of KU Leuven, Rajiv Gandhi Centre for Biotechnology (RGCB) and
[ISER Thiruvananthapuram. During the experiments, mice were maintained in isolator cages, fed
with autoclaved acidified water, and irradiated food ad libitum. At IISER TVM and RGCB, the
animals were maintained as per guidelines provided by the Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPCSEA), Ministry of Environment and
Forests, Government of India. All animal experiments were approved by the Institutional Animal
Ethics Committees for the respective animal facilities.

The fetuses were isolated at E14.5 and genomic DNA from limb bud tissue was used for
genotyping. Age of the fetuses was determined by considering the vaginal plug detection at

1l

EO0.5. Primers used for genotyping of the Vav-iCre; Itgavf and Postn”" lines are listed in Tabe S1.

Isolation of LT-HSC: LT-HSCs were sorted using specific antibodies to identify linc-kit"Sca-
1'CD150°CD48’ cells. Fetal liver (FL) derived HSCs have been shown to express CD11b *, therefore
we removed anti-CD11b antibody from the lineage cocktail for sorting HSCs from FL tissues. The
tissues were obtained from timed pregnant C57BL/6J female mice. Embryos were dissected at
embryonic day (E) 14.5 (14 days after vaginal plug was observed). Mononuclear cell suspension
was prepared by disrupting the tissue and repeated pipetting. The cells were washed with
phosphate-buffered saline (PBS; Gibco Invitrogen, CA) containing 0.1% bovine serum albumin
(BSA; Sigma). Ter-119 depletion was performed to deplete erythrocytes and erythroid
progenitors by magnetic separation using MACS columns (Miltenyi Biotec, Germany). Ter-119
depleted cells were then stained with Alexa Fluor 488 conjugated Anti-lineage antibody cocktail
(containing CD4, CD5, CD8a, CD45R, Ter-119, GR-1), PE conjugated anti-c-kit, APC conjugated
anti-Sca-1, PE-Cy7 conjugated anti-CD150 and Alexa Fluor 488 conjugated anti-CD48. Cells were
incubated on ice for 30 minutes. After staining the FL cells, HSCs were sorted by fluorescence-
activated cell sorting (FACS), using a FACS ARIAIIl (Becton Dickinson). Total adult bone marrow
(ABM) cells, to be transplanted together with sorted HSCs for competitive repopulation assays,
were flushed from femurs and tibiae of female C57BL/6J mice, washed twice with phosphate-
buffered saline (PBS; Gibco Invitrogen, CA) containing 0.1% bovine serum albumin (BSA; Sigma).

List of all antibodies used for flow cytometry based sorting and analysis is given in Table S2.



Cell Cycle analysis: Cell cycle analysis was performed by Hoechst 33342 (Ho) and Pyronin Y (PY)
staining on cells labeled for HSPC markers as described before °. Fetal liver derived cells were
first stained for HSPC markers (Lineage, Sca-1, c-kit) followed by Hoechst 33342 (Ho) alone or in
combination with Pyronin Y (PY) staining as described before °. Cells were acquired on FACS Aria

[l (BD Biosciences) and analysed using FlowJo software (TreeStar, Ashland, OR).

Quantitative RT-PCR: Total RNA was prepared using the RNA [solation Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s protocol. DNase treatment of RNA was performed
using Turbo DNase kit (Ambion, Austin, TX, USA). The purity and the concentration of RNA were
assessed using a micro-volume spectrophotometer (Colibri, Berthold Technologies GmBH & Co.
KG Germany). 100ng-1ug of RNA from each sample was used to synthesize cDNA using
Superscript Il First-Strand Synthesis System (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. qRT-PCR was carried out using Tagman SYBR green universal mix PCR
reaction buffer (Applied Biosystems, Foster City, CA). The PCR reactions were carried out in a
CFX96 detection system (Thermal-Cycler C1000, Biorad, Hercules, CA, USA). The list of primers

used is given in Table S1.

Long-term repopulation assays: A single dose of 3.5 Gy (sub-lethal dose) or 10Gy (sub-lethal
dose) radiation on a RAD SOURCE RS-2000 biological Irradiator (Rad Source Technologies,
Alpharetta , GA) was given to the animals, a day before the test cells were transplanted. To
compare the frequency of HSCs in E14.5 Vav—ltgav+/+, Vav—/tgav+/' and Vav—ltgav'/' FL tissue,
10,000 FL mononuclear cells (CD45.2) along with 90,000 whole BM derived cells (CD45.1) were
transplanted into lethally irradiated CD45.1 mice. For testing the function of HSC compartment,
freshly sorted 100 HSCs from E14.5 Vav—/tgav+/+, Vav—/tgav+/' and Vav—/tgav'/' FL tissues, along
with 100,000 whole BM derived cells (CD45.1) were transplanted into lethally irradiated CD45.1
mice. For assessing the effect of Postn deletion on HSC frequency, 50,000 FL mononuclear cells
derived from Postn™* and Postn”" embryos (CD45.1 FVB background) were transplanted into sub-
lethally (3.5Gy) irradiated RagZ'/'yC/'mice (CD45.2 background). For testing the function of HSC

** and Postn” E14.5 FL tissues were

compartment, freshly sorted 100 HSCs from Postn
transplanted into sub-lethally (3.5Gy) irradiated Rag2'/'yC’/' mice. Peripheral blood chimerism
analysis was performed every 4 weeks. After 12 weeks, half of the primary recipients were
sacrificed; BM harvested, and 100,000 (for Vav—ltgav'/') or 1x10° (for Postn'/') cells grafted in
lethally or sub-lethally irradiated secondary recipients, respectively. After 3 months, chimerism

in secondary recipients was evaluated. The second half of the primary recipients was followed

for PB and BM chimerism for upto 24 weeks of transplantation



For chimerism analysis, the percentage of donor derived (CD45.1" or CD45.2") cells within the
total leukocyte population (CD45.1" + CD45.2") was calculated. Multilineage-engraftment data
was presented as the percentage of cells from myeloid, B- and T-cell lineage within the donor-
derived population. For LSK chimerism in the BM, the proportion of donor-derived cells within

the total LSK cell population was calculated and compared between the WT and KO groups.

Bioinformatics analysis: RNASeq analysis of the HSCs across developmental stages was
previously published by us before ©. The differential expression analysis of genes was performed
using the R package DESeq2 ’ and differentially expressed genes were identified by the following
thresholds: false discovery rate (FDR) < 0.05 and |log fold change| > 1.0. The gene-set
enrichment test was then carried out to detect significantly enriched gene sets (also called
pathways) using the R package GAGE v2.14.4 8, KEGG metabolic pathway maps were constructed
to provide an overview of gene expression profiling and molecular interactions within a single
pathway by using the R package Pathview °. The data can be accessed through ArrayExpress

database (www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-4034. This data was

analyzed to examine the differential expression of all known genes for various a- and B-integrin
chains and genes for pathways involved in DNA damage repair, namely mismatch repair,
homologous recombination, nucleotide excision repair, and base excision repair. The lists of
integrins and DNA repair pathway genes were extracted from MGI database and respective
genes expression from RNA-seq was represented as heat-maps that were generated using

Morpheus, https://software.broadinstitute.org/morpheus.

In vitro adhesion assays: For cell adhesion assays, the cells were first labeled with PKH26
membrane dye *° according to the manufacturer's instructions (Sigma, St Louis, MO, USA).
Freshly sorted or cultured LSK cells were harvested and washed with PBS to remove any protein
content. The cells were re-suspended at 1x10” per ml of Diluent C. The cell suspension was
mixed with an equal volume of 4 mM PKH26 dye (in Diluent C) for 5min at room temperature. An
equal volume of fetal bovine serum (FBS) was added to stop the reaction and the cells were
washed with medium containing 10% FBS. 5x10°ST2 cells were plated per well in 24 well plates.
Ten thousand PKH-26 labeled LSK were added per well and incubated for 3h at 37°C and 5% CO,.
Non-adhered cells were removed and adhered cells were harvested along with the feeder layer.
Flowcytometry was used to quantify the labeled cells to compare cell attachment . Results are
represented as percentage of cells adhered.

In vivo homing assay: A protocol published earlier ** originally adapted from previously

13,14

published reports was used to examine the homing potential of BM derived HSPCs. One day

prior to transplantation, 6-8 week old B6.SJL-PTPRCA-CD45.1 mice underwent total body lethal



** Vav-Itgav”” or Vav-Itgav” mice

irradiation (10Gy). Two million E14.5 FL cells from Vav-ltgav
were injected intravenously into the irradiated mice. Prior to transplantation, the frequency of
CFCs in the transplanted cells were quantified. 16 hours after injection, BM from transplanted
mice was harvested and donor derived HSPCs homed in the recipient BM were quantified by
CFU-C assay. For each experiment, a set of 6 mice irradiated but not transplanted was used to
quantify left over CFCs in the BM of the irradiated mice. For CFC assays, 1x10° cells were plated
in 3 ml methylcellulose using MethoCult GF M3434 medium (Stem Cell Technologies). Each
sample was cultured in triplicates at 37°C with 5% CO, in air. CFCs were scored after 9 to 12 days
by light microscope. The proportion of total CFCs transplanted that homed in the total recipient
BM represents homing.

Neutral comet assay: The DNA double strand break repair was assayed by neutral single-cell
agarose gel electrophoresis, using a method earlier described by Olive et al. > and refined by

Wojewddzka et al. '

. The method was used to perform comet assay to assess DNA damage in
freshly sorted and cultured hematopoietic stem cells from E14.5 FL and adult BM. Briefly, the
test cells (freshly sorted or cultured) were mixed with low-gelling-temperature agarose
(Sigma; type VII), and layered onto agarose-coated glass slides. Slides were maintained in the
dark at 4°C to gel and for all the steps thereafter. Slides were submerged in lysis buffer (2.5 M
NaCl, 0.1 M EDTA, 10 mM Trizma base, 1% Triton X-100, 10% DMSO) for 1.5 h, washed with
Tris buffer, and incubated for 45 min in alkaline electrophoresis buffer (300 mM NaOH, 1 mM
EDTA at pH 10) or in neutral electrophoresis buffer (300 mM sodium acetate, 100 mM Tris-
HCl, 1% DMSO at pH 8.3). After electrophoresis (~40 min, 25 V), air-dried and neutralised
slides were stained with 30 pl of ethidium bromide solution (20 pg/ml). Average Comet Tail
Moment was scored for 100 cells/slide by using Comet Imager 1.2.10 software (MetaSystems
Incorporation, Altlussheim, Germany).

Immunocytochemistry: Teflon-printed 10-well glass slides (Matsunami Glass Industry, Osaka,
Japan) were pre-coated with Corning Cell-Tak™ adhesive and incubated for 2 hrs in a humidity
chamber. Cell-Tak was removed and 500 of the BM derived LSK cells in 50ul PBS were added.
The cells were incubated for 30 minutes at room temperature to adhere to the surface. The
supernatant was carefully removed and 4% PFA was added for fixation at room temperature for
10 minutes. PFA was carefully removed and the cells were washed twice with PBS. AF647
conjugated anti-yH2AX antibody (1:100; clone N1-431; BD Pharmingen) in blocking buffer (3%
BSA, 3% Goat Serum and 0.3% Triton X-100 in PBS) was added and kept in humidity chamber for
overnight incubation at 4°C. The cells were washed twice using PBS and nuclei was

counterstained with Hoechst 33342 (10ug/ml) for 2 mins and washed with PBS. Prolong Gold



antifade reagent (Invitrogen) was to mount the cells. The samples were air dried for 12 hrs in
dark and visualised under Leica SP5 Confocal Upright Microscope (Leica Microsystems,
Heidelberg, GmBH). Scoring of total yH2AX" foci and the number of foci per nucleus was
performed using Leica Application Suite X software.

Immunohistochemistry: E14.5 fetuses were harvested from pregnant dams, washed in PBS and
fixed with 4% paraformaldehyde (PFA), on ice, for 4 hours. Paraffin blocks were made of the
fixed fetuses by following gradient steps for dehydration, clearing and infiltration and finally
embedding in fresh Paraplast (Sigma). Microtome (Leica RM2265) was used to cut 10um
longitudinal sections of E14.5 embryo for immunohistochemical assays on FFPE sections.
Alternatively, FL tissues were dissected out from the fetuses and subjected to a 30 minute
fixation with 2% PFA, on ice. Fixed tissues were subjected to overnight 30% sucrose gradient for
cryo-protection prior to cryo-block preparation using Polyfreeze (Sigma). Cryotome (Thermo
Scientific HM525 NX) was used to obtain 50um thick sections of E14.5 FL for
immunohistochemical assay on cryo-sections.

FFPE sections on frosted slides (VWR) or floating cryo-sections were immune-labeled using
antigen specific primary antibodies; anti-Postn antibody (R&D systems, Minneapolis, MN), AF647
conjugated anti-mouse CD31 antibody (BiolLegend), biotin conjugated anti-mouse Endoglin
antibody (Invitrogen) and fluorescently labeled secondary antibodies (Jackson ImmunoResearch
Laboratories Inc.). Hoechst 33342 (Sigma Aldrich) was used to counterstain the nuclei. Sections
were mounted using Prolong Gold antifade mounting medium (Invitrogen). Fluorescence
imaging was performed using Leica upright confocal microscope (Leica TCS SP5 Il). Images were
captured using 63X oil immersion objective (HCX PL APO CS 63.0x1.40 Qil). For imaging whole
embryo section, tile scanning followed by auto-stitching was performed using LasAF software. Z-
stacks were taken with 0.35um step size and LasX software was used for analyzing the obtained
images.

Statistical analysis: All data are represented as mean + s.e.m. Normal distribution of data was
tested using the Shapiro-Wilk test. The equality of group variance was tested using Brown-
Forsythe test. Comparisons between samples from two groups with normally distributed data
with equal variance were made using the unpaired two-tailed Student’s t-test. Mann Whitney
test was used for comparing two groups where data were non-normally distributed. For multiple
comparisons of the normally distributed data with equal variance, one-way ANOVA was
performed followed by Tukey Kramer post hoc test. Non-normally distributed data was analyzed
by Friedman test. Chi-square test was employed for testing the goodness of fit of the observed

ratios among genotypes of embryos to expected Mendelian ratio. Statistical analyses were



performed with Microsoft Excel or GraphPad Prism 6. For all analyses, p-values <0.05 were

accepted as statistically significant.
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