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Abstract

RhoA is a founding member of Rho GTPase family and is a well-recognized regulator of actin
cytoskeleton dynamics. Signal pathways transduced by RhoA are involved in cell migration,
polarity, morphogenesis, proliferation, survival, and cell fate decision. Conditional gene targeting
of Rhoain murine blood system induces acute hematopoietic failure due to the loss of
multilineage hematopoietic progenitor cells (HPC) caused by a cytokinesis defect and necrosis.
Here we describe a method to conditionally induce R/h0a gene knockout in murine blood cells and
a rescue by exogenous RhoA expression with lentivirus in HPCs, an approach that has general
applicability in studying in vivo function of Rho GTPases and their regulators/ effectors by gene
targeting.

Keywords
RhoA; Hematopoiesis; Cell fate; Gene targeting; Rescue; Viral transduction; Transplantation

1 Introduction

Hematopoietic stem cells (HSCs) can give rise to all mature blood cell lineages by a
differentiation hierarchy through multipotent hematopoietic progenitor cells (HPCs). As
intermediate populations in HSC differentiation, HPCs are critical for hematopoiesis and the
proper homeostasis of the blood system. As a result, they are tightly controlled by multiple
factors and signaling pathways involved in cell proliferation and differentiation.
Dysregulation of the involved pathways can be associated with diverse hematologic diseases,
including anemia, bone marrow failure, myelodysplastic syndromes, myeloproliferative
neoplasms, leukemia, and lymphoma [1-7]. Dissecting the underlying mechanisms of blood
development is important for improving the diagnosis and treatment of related hematologic
disorders.

RhoA is a founding member of Rho GTPase family, critical for the regulation of actin
cytoskeleton dynamics. Further, signaling pathways regulated by RhoA participate in
multiple cell functions including cell adhesion, migration, proliferation, survival, cell cycle,
and gene transcription [8-17]. Inhibition of RhoA activity by expression of a dominant
RhoA mutant decreases HPC migration and increases engraftment of HSCs [16].
Conditional knockout in blood cells causes pancytopenia and bone marrow failure. However,
loss of Rhoadoes not impact stem cell engraftment; rather, it affects HPC function by




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 2

inducing cytokinesis arrest and necrosis in multi-potent progenitors [17]. Here we describe a
method to inducibly delete RA0a from mouse bone marrow blood cells, and to validate
RhoA-specific function by restoring R#0a expression in Rhoa '~ HSPCs in vivo, which
rescues the blood phenotypes caused by RAoa loss.

2 Materials

2.1 Buffers and Reagents

1

N o g k&~ W D

10.

2.2 Media

2.3 Equipment

FBS-PBS: Phosphate-buffered saline (PBS) (ready solution available from
various commercial suppliers) with 2% fetal bovine serum (FBS) (Atlanta
Biologicals).

Lysing buffer (BD).

Poly I:C (Amgen Inc.).

Recombinant fibronectin CH-296 (Takara Bio Inc.).
FUGENE 6 Transfection reagent (Promega).
Lineage depletion kit (Miltenyi Biotec).

Plasmids: Retrovirus packaging plasmids viral Gag-Pol and VSV-G envelope
(Addgene); retroviral vectors REW13 (GFP expressing) and REW13-GFP/RhoA
are described in ref. 17.

Antibodies (from BD): Biotin-labeled anti-B220 (RA3-6B2), CD3e (145-2C11),
CD4 (RM4-5), CD8 (53-6.7), CD11b (M1/70), Gr-1 (RB6-8C5), Ter-119
(TER-119); PE-Cy7--conjugated anti-Sca-1 (D7), Percp-Cy5.5-conjugated
streptavidin, PE-Cy7-conjugated anti-CD45.2 (104), APC-conjugated anti-c-Kit
(2B8), and APC-conjugated anti-BrdU.

4’ 6-Diamidino-2-phenylindole (DAPI) (Invitrogen).
7-Aminoactinomycin D (7-AAD) (BD).

Dulbecco modified Eagle medium (DMEM) (Corning).
Iscove’s modified Dulbecco’s medium (IMDM) (Corning).

StemSpan Serum-free Expansion Medium (SFEM) medium (STEMCELL
Technologies): Complete medium is supplemented with 2% FBS, 50 U/mL
penicillin, 50 pg/mL streptomycin, 50 ng/mL recombinant murine SCF
(PeproTech), 10 ng/mL mouse IL-3 (PeproTech), 1 mM deoxyribonucleotide
triphosphates (dNTP), and 40 pug/mL low-density lipoprotein (Sigma).

Ultracentrifuge (Beckman or equivalent).

Desktop centrifuge with plate adaptors (Beckman with SX4750A rotor and
adaptors, or equivalent).
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Fluorescence-activated cell sorter: FACSCanto Il (BD), FACSAria Il (BD), or
equivalent.
Cesium irradiator.
Agate mortar and pestle.

Plasticware: 10 cm Cell culture dishes, 96-well plates, 50 mL conical tubes with
70 um filters.

2.4 Cell Lines and Mice

1
2.
3.

3 Methods

HEK293T (ATCC).
NIH3T3 (ATCC).

6-8-Week-old RhoA™: Mx-Cre* and RhoA™M: Mx-cre™ mice: RhoA™ mice
in C57BI/6 background are crossed with Mx-cre mice in similar background.

6-8-Week-old CD45.1" and CD45.2* congenic C57BL/6J mice (Jackson
Laboratories).

A bone marrow hematopoietic stem and progenitor cell (HSPC) manipulation and
transplantation protocol is applied to evaluate HSPC functions in vivo (Fig. 1). Normal or
lentiviral or retroviral transduced HSCs can reconstitute lethally irradiated mice in all blood
lineages, including T, B, myeloid, and red blood cells, allowing an in vivo functional
assessment of genes of interests. The wild-type or Rhoa knockout HSPCs (Lin~Scal*Kit*
(LSK) bone marrow cells) with or without a reconstituted /R/0a gene by retroviral
transduction are isolated from competitive transplantation recipients. These are mixed
populations of CD45.1* and CD45.2" in phenotypes. The percentage of CD45.2* myeloid
cells, B cells, and T cells in the GFP* population is determined by flow cytometry.

3.1 Recombinant Retrovirus Packaging

1

Plate 4 x 108 HEK 293T cells in a 10 cm dish and culture them with DMEM
medium supplemented with 10% FBS overnight.

Transfect HEK 293T cells with 10 pg of retroviral REW13 vector or REW13-
GFP/RhoA plus 10 ug of packaging plasmids with FUGENE 6 following the
manufacturer’s instructions.

Harvest virus supernatant 24 and 48 h after transfection.

Combine virus supernatants and concentrate them by ultracentrifugation at
20,000 x g for 2 h at 4 °C; discard supernatant and suspend virus in IMDM
supplemented with 10% FBS.

Titer virus with NIH 3T3 cells and analyze the infected cells by FACS next day
to derive a multiplicity of infection (MOI) (see Note 1).

LA retrovirus packaging and titration protocol can be found in ref. 18.
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3.2 Isolation of HSPCs (Lin~Scal*Kit*, LSK Cells)

1

7.

Sacrifice 8-week-old Rhoa "f: Mx-cre* or Mx-Cre™ mice and harvest bone
marrow (BM) cells from femurs.

Tail vein inject lethally irradiated (split dose 1100 cGy 3 h apart) CD45.1*
C57BL/6J WT recipients (6-8 weeks old) with 3 x 106 CD45.2* Rhoa /. Mx-
cre* or Mx-Cre™ donor BM cells and equal amount of CD45.1* WT competitor
BM cells.

Eight weeks posttransplantation administer polyl:C to recipient mice by
intraperitoneal injection, three injections, 10 pg/g body weight (see Note 2).

Two days after the last injection, sacrifice polyl:C-treated Mx-cre; Rhoa " and
Rhoa ™" mice, and collect intact femurs and tibias with 1 mL of FBS-PBS;
Rhoa-cKO stands for conditional knockout R/0a in the following.

Crush bones in an agate mortar, transfer all the medium to a 50 mL conical tube
with a 70 pum filter, wash the debris with 5 mL of FBS-PBS twice, combine pass-
through, and spin down (500 x g, 5 min, 4 °C). Resuspend cells in 400 pL of
FBS-PBS.

Lineage-negative (Lin™) cells are isolated following the instructions of the
lineage depletion kit from Miltenyi Biotec.

a. Incubate whole bone marrow cells with 100 L of lineage cocktail
(including all lineage markers) for 15 min on ice.

b. Add 300 pL of FBS-PBS and 200 pL of beads and incubate for another
20 min.

C. Wash off nonbinding antibodies and beads with 5 mL of FBS-PBS; spin
down cells, and resuspend in 500 uL of FBS-PBS.

d. Load cells onto magnet pre-resined column, and collect pass-through.
e Wash column with 3 mL of FBS-PBS three times.

f. Combine pass-through and spin down; resuspend cells with 100 pL of
FBS-PBS (see Note 3).

Isolation of LSK cells:

a Stain Lin~ cells with biotin-labeled B220, CD3e, CD4, CD8, CD11b,
Grl, and Ter119 antibodies for 15 min.

2.1n vivo, poly I:C will cause an inflammatory response in mice and subsequent floxed allele deletion by inducing Mx-Cre expression.

*In the adult mouse HSCs reside in bone marrow, including pelvis, femur, sternum, and tibia bones. LSK stands for all lineage
markers negative, Scal*t and Kit*, which enriches HSPCs. For human, HSPCs are CD347CD38™ in phenotype. HSC transplantation
can reconstitute lethally irradiated mice in all lineages. Usually transplantation of bone marrow cells is a functional assay for HSCs.
After transplantation, the donor-derived cells can be tracked in peripheral blood and bone marrow including mature lineages and
progenitor and stem cells. It can be used to determine the frequency of HSCs in bone marrow or function of HSCs.
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b. Add 1 mL of FBS-PBS and spin down; resuspend cells with 100 pL of
FBS-PBS containing Percp-Cy5.5-conjugated streptavidin, PE-Cy7-
Sca-1, and APC-conjugated anti-c-Kit antibodies.

C. After 30-min incubation add 1 mL of FBS-PBS and spin down; then
resuspend pellet with 150 pL of FBS-PBS containing 1 ug/mL DAPI.

d. LSK cells are sorted to StemSpan SFEM medium supplemented with
2% FBS.

Culture LSK cells in complete StemSpan SFEM medium for 24 h (see Note 4).

3.3 Transduction of Isolated HSPCs by Retrovirus

1.

Coat a 96-well plate with 20 pg/mL recombinant fibronectin, and incubate at
room temperature for 1 h.

Remove the remaining material and rinse wells with distilled water.

Add REW13-GFP/RhoA or REW13 empty vector retrovirus (MOI: 25) and LSK
cells with StemSpan SFEM medium to the coated plate.

Wrap the plates and spin at 1500 x g for 90 min at 32 °C.
After centrifugation, return plates to the incubator (see Note 5).

Four to six hours after incubation spin down transduced cells, remove
supernatant, resuspend them with fresh culture medium, and culture for another
24 h.

3.4 Transplantation of Manipulated HSPCs into Recipient Mice

1

Irradiate 20 CD45.1* C57BL/6J recipient mice with split dose of 1100 cGy 3 h
apart (see Note 6).

Spin down transduced LSK cells, resuspend them with FBS-PBS, and add 2 x
10° CD45.1* whole bone marrow cells as support cells. The final concentration
should be 50,000 transduced LSK and 1 x 108 CD45.1* whole bone marrow
cellsin 1 mL.

Transplant 200 pL of mixed cells to each mouse by tail-vein injection. Transplant
five mice for each genotype.

4.The FACSAria Il is used to purify LSK cells and can detect all the surface markers stained with different fluorochromes. Firstly,
DAPI* and APC-Cy7™ cells are gated out; then plot cells with PE-Cy7 and APC, and double-positive cells are sorted. Those are Lin
~Scal™Kit™ (LSK) cells derived from recipient mice and are mixed cells by CD45.1% and CD45.2" in phenotypes.

“The ex vivo culture step is to stimulate LSK cells to proliferate, which will increase the viral transduction efficiency.

‘Radiation treatment can damage and eliminate host hematopoietic stem cells. Transplanted HSPCs can reconstitute the host
hematological system upon engraftment. Sublethal dose irradiation followed by transplantation can preserve a part of endogenous
HSPCs to produce a chimera with the donor-derived cells in the recipient mice.

Methods Mol Biol. Author manuscript; available in PMC 2019 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 6

3.5 Evaluation of the Reconstituted HSPC Function in Transplant Recipients by
Peripheral Blood Analysis

1

Bleed the recipient mice that received transduced LSK cells 16 weeks after
transplantation and collect 80-100 L of peripheral blood.

Lyse red blood cells with 1 mL of lysing buffer.
Suspend mononuclear cells with 100 uL of FBS-PBS.

Remove 50 pL of mononuclear cells and stain them with PE-Cy7-conjugated
anti-CD45.2; biotin-conjugated anti-CD11b, Grl, B220, CD3e, or Ter119; as
well as Percp-Cy5.5-conjugated streptavidin for 30 min.

Wash off nonbinding antibodies and resuspend cells with 150 pL of FBS-PBS
containing 1 pg/mL DAPI.

Analyze stained cells by FACS:
a. Gate Ter119™ and DAPI™ cells.
b. Plot Grl and CD11b and gate Gr1*CD11b* for myeloid cells.
C. Plot CD3e and B220 with Gr1"CD11b™ cells.
d. Gate B220* for B cells and CD3e" for T cells.

e Calculate the percentage of CD45.2* of each lineage in GFP™* cells (Fig.
2a).

3.6 Evaluation of the Reconstituted HSPC Function in Transplant Recipients

1

2
3.
4

3.7 Conclusion

Harvest bone marrow cells as in Subheading 3.2, step 4.
Lyse red blood cells with 1 mL of lysing buffer.
Suspend mononuclear cells with 1000 pL of FBS-PBS.

Remove 50 pL of mononuclear cells and stain them with biotin-conjugated anti-
CD11b, anti-Gr1, anti-B220, anti-CD3g, anti-Ter119, APC-Cy7-c-Kit, and
Percp-Cy5.5-conjugated streptavidin, for 30 min.

Wash off nonbinding antibodies, and resuspend cells in 300 puL of FBS-PBS
containing 1 pg/mL 7-AAD.

Analyze stained cells by FACS: gate Percp-Cy5.5~ APC-Cy7* GFP™ cells (i.e.,
GFP* Lin~cKit*), and calculate the percentage of 7-AAD™ cells in this
population (Fig. 2b). 7-AAD* means necrosis.

As shown in Fig. 2, control LSK cells transduced with wild-type RhoA or vector could give
rise to all blood lineages, whereas the LSK cells without RhoA expression failed to
reconstitute the recipient mice as almost no donor-derived cells were detectable in peripheral
blood 4 months after transplantation. When exogenous RhoA was delivered to RhoA-
deficient HSPCs by retrovirus, the function of LSK cells was restored to generate myeloid
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cells, B cells, and T cells, comparable to that of control LSK cells (Fig. 2a). In bone marrow,
LSK cells deficient of RhoA retained the engraftment in recipient mice, but RhoA deletion
induced programmed necrosis, but not apoptosis, in the progenitors. Restoration of RhoA
expression inhibited necrosis caused by RhoA loss (Fig. 2b). This set of rescue/transplant
experiments showed that RhoA-deficient LSK cells retain engraftment ability in the bone
marrow, but could not develop into myeloid, B, and T cells. Thus, RhoA is dispensable for
hematopoietic stem cell engraftment but is required for progenitor cell differentiation at least
in part through programmed necrosis [17]. Such a scheme of gene knockout and rescue
experiments is necessary to functionally demonstrate the role of individual Rho GTPases
and their regulators/effectors in mouse gene-targeted models.
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Fig. 1.

E)?perimental strategy of gene deletion and gene rescue assays in mice. LSK cells were
purified from poly I:C-treated mice. After culture in the presence of a cytokine cocktail (24
h), cells were transduced with retrovirus for expression of RhoA/GFP or GFP. Next day all
the cells were transplanted to lethally irradiated congenital recipient mice. Sixteen weeks
later, bone marrow and peripheral blood samples were analyzed by FACS using relevant
antibodies to assess engraftment and blood cell differentiation
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Fig. 2.
Following the experimental protocol of Fig. 1, peripheral blood cells (a) and LK cells from

bone marrow (b) of recipient mice that received transduced LSK cells were analyzed by
FACS. RhoAf/fl + control: RhoAf/fl LSK cells transduced with empty vector; RhoAfl/fl +
RhoA: RhoAMfl |SK cells transduced with RhoA; RhoA-cKO + control: RhoA-cKO LSK
cells transduced with empty vector; RhoA-cKO + RhoA: RhoA-cKO LSK cells transduced
with RhoA. ¢KO conditional knockout allele. Significance was determined by unpaired two-
tailed Student’s #test. Error bars indicate SEM. ***p < 0.001. Adapted from ref. 17 with
permission
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