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ABSTRACT

EROL DUYAR, O.D. Optimization and Risk Assessment of RAB27A-/- Gene Therapy
Alternatives using Current Molecular Techniques and Technologies. Hacettepe
University Graduate School of Health Sciences Stem Cell Doctor of Philosophy
Thesis, Ankara, 2024. Griscelli Syndrome Type 2 (GS-2) is caused by a mutation in
RAB27A which plays a role in exocytosis and membrane trafficking, resulting in
immune deficiency. Here, we investigated 1) the efficacy of CRISPR/Cas9 gene editing
of RAB27A using GS-2 MSCs and iPSC lines; 2) the efficacy of LV vectors to transduce
MSCs and express RAB27A under the control of the SFFV, PGK and UCOE promoters,
and 3) potential risks related to overexpression of RAB27A in immune deficient mice.
We designed CRISPR/Cas9 constructs that target mutations in RAB27A and tested the
gene correction efficacy on GS-2 MSC and iPSC lines. We generated a new GS-2 iPSC
line and optimized cell culture/cryopreservation. Although editing of RAB27A using
CRISPR/Cas9 is possible, survival of the stem cells was low. Transduction of GS-2 MSCs
with LV vectors showed the highest RAB27A expression with SFFV, followed by PGK
and UCOE. RAB27A+ MSCs and HSCs were transplanted into immune deficient mice
but did not cause tumor formation. However, RAB27A overexpression may affect
stem cell function. In conclusion, we compared the efficiency of gene editing using
CRISPR/Cas9 with gene addition using LV vectors for the development of gene therapy
for GS-2. Although gene editing results in acceptable levels of repair, the technology
results in low cell viability. LV gene transfer was easy and robust, but high expression
of RAB27A affected stem cell function. Thus, both methods can be developed into
gene therapy for GS-2, but optimization of the procedures, increasing cell viability and
fine-tuning of expression levels may be necessary before these therapies are ready
for clinical use.

Keywords: Griscelli Syndrome Type 2, CRISPR/Cas9, lentivirus, stem cells.

(*) This study was supported by grants from the Scientific and Technological
Research Council of Turkish Government TUBITAK no: 2195675 and Hacettepe
University Scientific Research Projects Coordination Unit grant no: TUK-2019-17760
and THD-2022-19940.
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OZET

EROL DUYAR, O.D. Giincel Molekiiler Teknikler ve Teknolojiler Kullanilarak RAB27A-
/- Gen Tedavi Alternatiflerinin Optimizasyonu ve Risk Degerlendirilmesi. Hacettepe
Universitesi Saglik Bilimleri Enstitiisii K6k Hiicre Doktora Tezi, Ankara, 2024. Griscelli
Sendromu Tip 2 (GS-2), ekzositoz ve membran trafiginde rol oynayan RAB27A geninde
meydana gelen mutasyonlarin neden oldugu bir immiin yetersizliktir. Bu tez
kapsaminda 1) GS-2 MKH'leri ve uPKH hatlarini kullanarak RAB27A'nin CRISPR/Cas9
gen diizenlemesinin etkinligini; 2) LV vektorlerinin SFFV, PGK ve UCOE promoterlerinin
kontroliinde MKH'lere aktarim ve RAB27A ekspresyon etkinligini ve 3) immun
yetmezlikli farelerde RAB27A'nin asiri ifadesine bagli potansiyel riskleri aragtiriimistir.
RAB27A'daki mutasyonlari hedef alan CRISPR/Cas9 elemanlari tasarlanmis ve GS-2
MKH ve uPKH hatlarinda gen diizeltme etkinligi test edilmistir. Yeni bir GS-2 uPKH hatti
olusturulmustur ve hiicre kiltiiri/dondurma yontemi optimize edilmistir. RAB27A'nin
CRISPR/Cas9 yontemi ile duzeltiimesi mimkin olmasina ragmen kok hiicrelerin
hayatta kalim orani disik olarak bulunmustur. GS-2 MKH’lere LV transdiksiyonu
yapildiginda en yuksek ifadeyi SFFV’'nin sagladigi ardindan PGK ve UCOE’nun takip
ettigi gosterilmistir RAB27A+ MKH’ler ve HKH'ler, immun yetmezlikli farelere
nakledilmistir ancak timor olusumuna neden olmamistir. Ancak RAB27A'nin asiri
ifadesinin kok hicre fonksiyonunu etkiledigi gosterilmistir. Sonug olarak, GS-2 gen
tedavisinin gelistiriimesinde CRISPR/Cas9 ile gen diizenleme ve LV vektoéri ile gen
ekleme karsilastirilmistir. Gen diizenleme yeterli diizeyde onarim yapmasina ragmen
CRISPR aktarim teknolojisi hiicre canhliginin digtirmektedir. LV gen aktarimi kolay ve
etkindir ancak RAB27A'nin yiksek ifadesi kok hiicre fonksiyonu etkilemektedir. Bu
nedenle, her iki yéntem de GS-2 igin gen tedavisine yonelik olarak gelistirilebilir, ancak
bu tedaviler klinik kullanima hazir olmadan 6nce yontemlerin optimizasyonu, hilicre
canhhginin arttirilmasi ve ifade seviyelerinin tam olarak ayarlanmasi gerekli olabilir.

Anahtar Kelimeler: Griscelli Sendromu Tip 2, CRISPR/Cas9, lentivirus, kok hucreler

(*) Bu ¢alisma, Tiirkiye Cumhuriyeti Bilimsel ve Teknolojik Arastirma Kurumu TUBITAK
no: 2195675 ve Hacettepe Universitesi Bilimsel Arastirma Projeleri Koordinasyon

Birimi hibe no: TUK-2019-17760 ve THD-2022-19940 ile desteklenmistir.
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1. INTRODUCTION

Griscelli Syndrome Type 2 (GS-2) is an immune deficiency caused by a
mutation in the RAB27A gene. The Rab GTPase encoded by this gene, plays an
important role in exocytosis and intracellular membrane trafficking and cytoplasmic
expression is found widely throughout the body, including in cells of the
hematopoietic and immune systems. Mutations affecting interactions of the GTPase
with its effectors have been linked to immune dysfunction, affecting both cells of the
innate and the adaptive immune system, such as cytotoxic T cells. In addition,
overactivation of the immune system may cause hemophagocytic lymphohistio-
cytosis (HLH) in some patients. Currently, the only curative treatment for GS-2 is
Hematopoietic Stem Cell (HSC) transplantation. Induction of physiologic RAB27A
expression or overexpression in HSCs through gene editing or the use of lentiviral
vectors could be a potential approach to treat RAB27A deficiency. However, for rare
genetically inherited diseases, such as GS-2, it is very difficult to obtain sufficient HSCs
to design and test the efficacy of gene editing tools or viral vectors. Therefore, we
used GS-2 mesenchymal stem cell (MSC) and induced pluripotent stem cell (iPSC)
lines that we created previously and novel cell lines that we generated in the
framework of this thesis. We then designed mutation-specific CRISPR/Cas9 constructs
and cloned a codon-optimized RAB27A transgene (RAB27Aco) into three lentiviral
vector constructs with different promoters that we then tested on these cell lines.
Using these cell lines and constructs, we then aimed to assess 1) the efficacy of
CRISPR/Cas9 gene editing of mutations in exon 3 and 7 of the RAB27A gene using GS-
2 patient-derived MSC and iPSC lines and by measuring rates of homology directed
repair (HDR), non-homologous end joining (NHEJ) and the occurrence of deletions; 2)
the efficacy of third generation self-inactivating (SIN) lentiviral (LV) vectors to
transduce MSCs and express RAB27A under the control of the constitutively active
SFFV, the physiological PGK and the methylation-resistant UCOE promoters, and 3)
potential (tumorigenic) risks related to overexpression of RAB27A in otherwise

healthy stem cells in an immune deficient RAG2 mouse model.



2. GENERAL INTRODUCTION

2.1 RAB27A structure and function

RAB27A, also known as RAM or GS2, is a member of the small GTPases
superfamily (1). The RAB27A gene is located on chromosome 15 (NC_000015.10) at
the reverse strand of the 15g21.3 locus (Figure 2.1) and consists of approximately 87
base pairs (bp) (NG_009103). The RAB27A gene can be subject to alternative splicing
and four transcript variants encoding the same protein have been described (Table
2.1) (2). The RAB27A gene has 7 exons of approximately 1 kb in size. However, the
RAB27A coding sequence is only 666 bp and translates into a 25 kDa protein

consisting of 221 amino acids (AA).
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Figure 2.1. Chromosome localization of RAB27A. RAB27A is located at the g21.3 locus
of chromosome 15.

The RAB27A protein has been shown to regulate multiple critical functions
within the cell, including recycling of cell surface receptors, exocytosis, membrane
trafficking, cell transduction, protein transport and degranulation of cells (3-7). RAB
genes in the human genome have most likely arisen through gene duplications and
alternative splicing results in the production of various isoforms with overlapping or
similar functions, although some may show different abilities through binding to
distinct effectors (Figure 2.2) (8). Currently, two different RAB27A isoforms are known
that lack the 146™-153" AA from the canonical protein that is produced by alternative

splicing (9).



Table 2.1. mRNA transcripts of RAB27A.

Gene ID | Transcript Transcript | Protein transcript | Protein transcript-

& name | accession length accession length
NM_183235.3 | 3447 NP_899058.1 221

5873, NM_183236.3 | 3413 NP_899059.1 221

RAB27A | NM_004580.5 | 3464 NP_004571.2 221
NM_183234.2 | 3455 NP_899057.1 221

2.2 RAB27A mechanism of action

The RAB27A protein acts as a molecular switch that cycles between an active
(GTP-bound) and an inactive (GDP-bound) form and its activity is modulated by a
variety of guanine nucleotide exchange factors (GEFs), GTPase-activating proteins

(GAPs) and effectors (10).
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Figure 2.2. Switch mechanism of RAB27A. RAB27A switches that are ON in the GTP-
bound (active) form and OFF in the GDP-bound (inactive) form like other
GTPases. RAB27A has several effector proteins to show its function. REP:
Rab escort protein; GDI: GDP Dissociation Inhibitor; GEF: Guanine

Nucleotide Exchange Factors; GAP: GTPase Activating Proteins (11).
Conformational changes in the switch regions of RAB27A determine whether
the molecule is in an active or inactive state. Similar to the other GTPases, the GDP-
bound form of the RAB27A is inactive and becomes activated by GEFs, which
recognize specific residues in the switch region that release GDP. In order to stimulate
a cellular response, the GTP-bound form of RAB27A needs to bind with its effector

proteins, such as Slp1, Slp2-a and Melanophilin (Figure 2.2). Thus, RAB27A function
is activated (ON), when it is bound to GTP and inactive (OFF) when GTP is hydrolyzed




to GDP by GAPs (10). The G proteins contain a C-terminal prenylation motif which
anchors them onto the cellular membrane (12). GDP Dissociation Inhibitor (GDI) can
bind to the prenylated lipids, inhibiting GDP release from RAB and stabilizing the

inactive form (12).

2.3. RAB27A function in healthy tissues and cells

RAB27A exerts different functions depending on the tissue and the presence
of or binding to its effectors, but its main role is regulation of intracellular membrane
trafficking, including fusion, cargo transport, lysosomal exocytosis and its function as
a crucial element of secretory granules (13). Until now, three different types of
Rab27a effectors have been found, including synaptotagmin-like protein (Slp), Slp
homolog lacking C2 domains (Slac2/Melanophilin), and Munc13-4 (14). Among these,
interaction with Slp2-a has been shown to promote the transport of Rab27a-
containing vesicles to the membrane of secretory cells (15), Slac2a (Melanophilin,
Mlph) is responsible for the transport of melanosomes (16), whereas Munc13-4 is the
GTP-Rab27a specific-binding protein responsible for granule secretion in platelets
(17). The function of RAB27A and its interaction with its effector proteins in
physiological and pathological conditions is described in more detail below (Table
2.2). It has further been suggested that RAB27A may regulate two sequential phases
of the secretory pathway i.e., a transport phase by interaction with a motor molecule,
such as kinesin or myosin, and a docking phase, where RAB27A interacts through its
effector molecules with a protein or lipid bound to the plasma membrane, resulting

in docking/tethering of the vesicle or organelle (18).



Table 2.2. Rab27a effectors and functions in different tissues.

Effectors Other names Binding Partners RAB27A affinity (19) | Functions
Slp1/JFC1 Exophilin-7 PIP3, High affinity Promotes fusion of secretory granules not docked to the plasma membrane (20)
Kinesin-1 Regulates exocytosis of neutrophilic granules (21)
Regulates secretory lysosome exocytosis from CTLs (22)
Regulates anterograde transport of TrkB in axons (23)
Slp2-a Exophilin-4 Phosphatidyl- High affinity Promotes transport of Rab27a-containing vesicles to the membrane of secretory cells
serine in the (15)
plasma Regulates glucagon secretion in pancreatic endocrine cells (25)
membrane (24) Regulates secretory lysosome exocytosis from CTLs (22)
Regulates trafficking of myelin and myelination of Schwann cells (26)
Regulates exocytosis of perforin-containing cytotoxic granule release from CTLs (27)
Slp3-a Exophilin-6 Kinesin-1 Low affinity Regulates transport of lytic granules in CTLs (28)
Slp4-a Granuphilin, Munc18-1/ High affinity Regulates the exocytosis of insulin-containing dense-core granules in pancreatic beta
Exophilin-2 Syntaxin cells (29)
Regulates dense-core vesicle exocytosis in PC12 cells (30)
Slp5 Exophilin-9 High affinity Induces hormone secretion in PC12 cells (31)
Slac2-a Melanophilin, | Myosin Va Low affinity Responsible for the transport of melanosomes (16)
Exophilin-3
Slac2-b Exophilin-5 High affinity Involved in exosome production (32)
Slac2-c MyRIP Low affinity Links secretory granules to actin and controls their release (33)
Exophilin-8 Regulates insulin exocytosis (34)
Cooperate with calcium channels for rapid activation of the photoreceptors (35, 36)
Rabphilin-3 Exophilin-1 Noc2 High affinity Regulates dense-core vesicle exocytosis in PC12 cells (37)
Noc2a Rabphilin-3 High affinity Regulates dense-core vesicle exocytosis in PC12 cells (37)
Muncl13-4 Unc13d Responsible for granule secretion in platelets (17) and neutrophils (21) and CTLs
Tethering of secretory lysosomes at the plasma membrane (38)
Coronin 3 actin Controls endocytosis of secretory membrane in insulin-secreting cell lines (39)




Overall, Rab27a expression is remarkably widespread and found throughout
different types of specialized secretory cells (both endocrine and exocrine), where it
operates in unison with Rab3 molecules (13). Rab27a expression can be found in cells
from the hematopoietic and gastrointestinal system, as well as in spleen and lung

tissue, but not in other tissues, such as liver, heart, muscle, testis, or brain (40, 41).

2.3.1. Role of RAB27A in secretory cells

Throughout the gastrointestinal system, Rab27a expression is found in gastric
glands and pits, as well as in mucus-secreting granules in the pylorus region and acid-
secreting parietal cells of the stomach, Goblet cells of the small intestine and Paneth
cells in the bottom of crypts. Exocrine salivary glands and exocrine pancreas cells also
stained brightly positive for Rab27a expression. In addition, Rab27a expression co-
localized with expression of insulin in the B-cells of the endocrine pancreatic islets of
Langerhans and was also found to be present in the noradrenaline- and adrenalin-
secreting cells of the adrenal glands. Outside of the gastrointestinal tract, mucus-
secreting cells in the genital system, ovaries, oocytes and uterus endometrium of the
reproductive system, Clara cells and ciliated cells in the bronchioles and epithelium
type Il cells in the alveolar region of the respiratory system have also been found to

display high Rab27a expression (13, 42).

2.3.2. Role of RAB27A in melanosome distribution

RAB27A plays an important function in the distribution of melanosomes in
both skin melanocytes and retinal pigment epithelium (RPE). Melanosomes in skin
melanocytes travel along microtubules in both directions and are evenly distributed
throughout the cell periphery, through interactions with the cortical actin
cytoskeleton. These interactions are mediated by binding to a complex consisting of

Rab27a/Mlph(Slac2-a)/Myosin Va (43, 44).



Melanosomes captured in the periphery are subsequently transported in
granules to adjacent keratinocytes (Figure 2.3) (45-47). In contrast, melanosome
motility in RPE cells is mediated through interactions of RAB27A with MyRIP and
Myosin Vila. Whereas MyRIP helps RAB27A to cooperate with calcium channels for
rapid activation of the photoreceptors (35, 36), the interaction between RAB27A and
Myosin Vlla regulates motility and fusion of melanosomes and phagosomes in the
RPE (45). In mice melanosomes, the Rab27a-binding protein Slp2-is implicated in the
regulation of Rab27a-mediated membrane transport. Slp-2 co-localizes with Rab27a

and regulates melanosome distribution to the cell periphery (48).

2.3.3. Role of RAB27A in the nervous system

Rab27a has also been shown to play a role in the regulation of myelination in
the nervous system. Through interaction with its effector protein Slp2-a and Rab27a
form a complex that participates in the trafficking of the myelin protein and as such
is involved in Schwann cell myelination and myelin-like membrane formation (26).
Furthermore, Rab27a expression has been shown to increase during myelination, but
decrease during neuron maturation (49) Furthermore, Rab27a has been shown to
regulate the development of synaptic signaling through the release of extracellular
vesicles and exosomes from immature neurons in the developing brain, as well as
during repair after brain injury (50) revealing an important role for Rab27a-mediated

paracrine communication.

2.3.4. Role of RAB27A in the hematopoietic system and immune cells

RAB27A is highly expressed in hematopoietic cells, particularly those with
granules or secretomes that require the export of endosomes to the bloodstream.
Additionally, RAB27A plays a vital role in immune system cells such as natural killer
(NK) cells, cytotoxic T lymphocytes (CTL), macrophages (M®), mast cells and

polymorphonuclear cells (neutrophil, basophil, eosinophil) which possess lytic



secretory granules to protect the body (5, 51-53). In the hematopoietic system,
Rab27a has been shown to regulate the transport of cell surface receptors in
hematopoietic cells, transport of lysosome-related organelles, release of secretory
granules, as well as differentiation of bone marrow macrophages into functional,

multinucleated osteoclasts (6).

2.3.5. Role of RAB27A in susceptibility to viral infections

Recent studies have revealed that Rab27a is involved in Human
immunodeficiency virus type 1 (HIV-1) assembly and entrance to the cells via the
phosphatidylinositol 4-kinase type 2a (PI4K2a) signaling pathway, which is activated
by Rab27a effector Slp2a. Through control of PI4K2a levels in the plasma membrane
Rab27a further affects HIV-1 replication in helper T cells (Th) and macrophages. These
findings show that Rab27a is important for both viral assembly and replication (54).
Similarly, Rab27a is implicated in the Herpes Simplex Virus type 1 (HSV-1) assembly
through colocalization with glycoproteins of HSV-1 in the trans-Golgi network and
viral assembly has been shown to be significantly decreased after Rab27a silencing,
suggesting that Rab27a depletion/suppression may be used to decrease viral

shedding (55).

2.4. Therole of RAB27A in the development of diseases

2.4.1. Griscelli Syndrome subtypes

Griscelli Syndrome (GS) is an autosomal recessive disease caused by mutations
in the MYOVA, RAB27A or MLPH genes, all of which present with different
manifestations. Whereas the MYOVA mutations cause GS type 1 (GS-1), RAB27A
mutations cause type 2 (GS-2) and MLPH mutations cause type 3 (GS-3).

GS-1 (or Elejalde Syndrome) is characterized by pigment dilution and severe
neurological disabilities resulting from defects in actin-depended transport in

secretory cells (56, 57). The often fatal neurological abnormalities are caused by



MyoVa, which plays an important role in axonal transport, development of dendritic
spine structure, and synaptic plasticity of the brain (58). RAB27A is involved in the
regulation of specialized secretory granules, such as melanosomes, lytic granules and
platelet-dense granules in various cell types. Mutations in RAB27A and its effectors
may cause the development of Griscelli Syndrome Type 2 (GS-2) (59, 60). GS-2
presents as a severe combined immunodeficiency disease (SCID), despite the
presence of immune cells and is caused by a dysfunction of intracellular vesicle
trafficking. This results in hypopigmentation and silver-gray hair due to the
dysfunction of melanocytes, as shown in Figure 2.3 (51, 61), in combination with
dysregulation of both innate and effector immune cells, including neutrophils,
macrophages and T cells (62-64), as shown in Figure 2.4. Cells from the hematopoietic
system affected by RAB27A mutations are shown in Figure 2.5. Dysregulation of
immune cells in these children not only causes increased susceptibility to infections,
but it may also cause hemophagocytic lymphohistiocytosis (HLH) in some of the
patients (59, 60). Most of the RAB27A mutations cause either a null mutation or a
frameshift mutation, but several missense mutant variants, such as Trp73Gly (W>G),
Leu130Pro (L>P) and Alal52Val (A>P) are relatively common and have been reported
by several centers (65). Since actions of RAB27A are mediated through interactions
with a wide range of effector molecules, mutations affecting interaction with different
effector molecules may have different molecular consequences (Supplement 7). For
example, the L130P mutation affects GTP binding and, as a result, interferes with
melanophilin binding, thus blocking melanosome transportation, whereas the W73G
mutation does not inhibit binding to GTP, but prevents interaction with melanophilin
(66). The W73G mutation of RAB27A also affects binding to its effector protein
Munc13-4, causing the lack of activation of CTL and mast cells (67). In contrast, the
A152P mutation neither affects GTP binding nor melanophilin interaction, but it acts

as a mutant due to its overexpression (51, 66).
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Figure 2.3. RAB27A protein and its effector melanophilin. The RAB27A protein is
synthesized and maintained in an inactive state in the cell cytoplasm.
When the cell gets the signal for granule secretion, RAB27A is switched
on to its active state and works together with melanophilin to affect the
exocytosis of granules in melanocytes. Mlph: melanophilin.
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Figure 2.4. Functional consequences of RAB27A, MLPH and MYOVA mutations and
interactions on cell function. Left: Healthy cells are able to secrete their
endosomal content, whereas GS-2 cells are defective and cannot produce
lytic granules or secrete endosomes. Right: Whereas MYOVA binds to the
C-terminal of the RAB27A protein, MLPH binds its N terminal domain.
Disturbance of interactions between MYOVA, RAB27A and MLPH results
in respectively GS-1, GS-2 and GS-3.
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Although mutations in the RAB27A gene lead to dysfunction of the immune
system, not all patients develop HLH and some patients manifest with a late onset of
HLH. Conversely, some patients diagnosed with GS-2 may have HLH as the presenting
symptom. In contrast to GS-1, neurological involvement is not standard in GS-2
patients and exhibition of neurological manifestations are often secondary, resulting
from the infiltration of lymphocytes into the central nervous system (CNS) (28).

GS-3, which is caused by a mutation in the MLPH gene generally has a milder
clinical picture than GS-1 and GS-2, and mainly presents with disrupted melanosome
transport in the skin and hair, resulting in hypopigmentation (63, 68). Whereas the
Rab27a binding domain of Mlph is found at its N terminal, MyoVa has been shown to
bind its C terminal domain (47). Thus, melanosome transport requires the
functionality of all three MLPH, RAB27A and MYOVA genes, which explains the
commonly shared feature of hypopigmentation among all GS types (Figure 2.4) (56,
68).

2.4.2. Diabetes

Diabetes mellitus (DM) is one of the most common metabolic disorders in the
world. Recent studies have suggested that RAB27A may also play a role in the
pathogenesis of diabetes. For example, RAB27A has been shown to regulate insulin
secretion from pancreatic beta cells (29), through interaction with Slp2-a and Coronin
3 (39, 69), and glucagon secretion from alpha cells through interactions with Slp4-a
(24, 25). Moreover, mutations in the RAB27A gene have been linked to an increased

risk of developing Type 2 DM in some populations (70).



12

2.4.3. Kidney disease

Diabetic kidney disease has been shown to be exacerbated by an excessive
inflammatory response in proximal tubular epithelial cells and increased secretion of
exosomes (71, 72). Rab27a is involved in the regulation of secretion of extracellular
vesicles (EVs) that exert an autocrine and paracrine effect in the Diabetic Kidney
Disease (DKD) (73). Rab27a silencing has been suggested as a target to prevent the

disease progression of different kidney diseases (73, 74).

2.4. The role of RAB27A in cancer and precancerous tissues

Aberrant regulation of RAB proteins has been implicated in the development and
progression of many types of cancer. In particular, several studies have suggested that
RAB27A may play a role in the invasion and metastasis of cancer cells. For example,
RAB27A has been shown to promote the secretion of matrix metalloproteinases
(MMPs), which degrade the extracellular matrix and facilitate cancer cell invasion. In
addition, RAB27A has been shown to play a role in the control of intracellular
trafficking and the regulation of exosome secretion, which can promote cancer cell
survival and metastasis (32, 75) and have been associated with the facilitation of
cancer development (11, 76).

In addition, RAB27A has been identified as a regulator of cancer progression
and may through disruption of the extracellular matrix promote cancer cell invasion
(77-80). Accordingly, RAB27A has been shown to promote the invasiveness of breast
cancer cells through upregulation of metalloproteinases (80). However, although it is
unknown whether increased expression of RAB27A in cancers is causative or
secondary, RAB27A upregulation has been observed in many types of cancers and
precancerous cells (80, 81). Forcefully induced RAB27A overexpression has been
shown to promote cancer cell proliferation, invasion, metastasis and chemoresistance
(82). Despite indications that RAB27A is involved in the progression of cancer
development, there are currently not enough data that indicate a direct effect of

RAB27A on neoplastic transformation of healthy (stem) cells.
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2.5. Modelling and development of new treatment modalities for GS-2
2.5.1. Invitro models of GS-2

Even though the function of RAB27A and most of its known effectors have
been largely unveiled, we still lack sufficient knowledge to treat the (symptoms of the)
disease with any other treatment modality than with HSC transplantation. In addition,
the cellular and molecular mechanisms underlying GS-2 and the reasons why some
patients develop HLH and/or neurological sequelae, whereas others are barely
affected or develop late-onset versions of the disease, remain poorly understood. A
better understanding of the interactions between Rab27a and its effectors is
therefore crucial to determine new treatment targets and to develop novel
therapeutic strategies for GS-2. The rareness of GS-2 makes it difficult to obtain
enough (stem) cells to study disease mechanisms or to develop and test novel
treatment strategies. Recently, new technologies have been developed that allow the
generation of induced Pluripotent Stem Cells (iPSCs) through ectopic overexpression
of combinations of transcription factors, as described below. This has allowed the
reprogramming of somatic cells and unlimited culture of disease-specific cells
obtained from patients with rare genetically inherited syndromes and the
establishment of fundamental biobanks, as sources of these cells (83).

We have previously developed and characterized several iPSC lines from a
healthy donor (SK) and three different GS-2 patients (YF, YKC, iK) that we generated
from donor and patient-derived mesenchymal stem cells. The donor and GS-2 iPSCs
were differentiated using a two-step model, consisting of a 12-15 day period where
1) iPSCs are differentiated into primitive HSCs, 2) followed by a 10-14 day period used
for terminal differentiation towards myeloid lineage (84). This model can now also be
used for terminal differentiation into cells of the lymphoid lineage, to assess the
effects and molecular mechanisms of RAB27A pathology during differentiation and
activation of cells. In addition, we can now use these cells to develop and test
treatment modalities, including gene therapeutics based on CRISPR/Cas9 and

lentiviral vectors (discussed below).
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2.5.2. Mouse models for GS-2 manifestations

Mouse models for GS are, similar to the disease in humans, classified into
three types, with the MyoVa mutated dilute (d) mouse model representing GS-1, the
ashen (ash) mouse model with mutations in Rab27a representing GS-2 (C3H/HeSn-
ash/ash) (85) and the leaden (In) mouse model (C57L/J-In/In) with a mutation in Miph
representing GS-3 (86). The naturally occurring ashen mouse model of GS-2, is quite
similar to the disease in humans and is characterized by hypopigmentation due to
altered expression of the Rab27a gene caused by splice site mutations in melanocytes
and immune cells (85). However, in contrast to GS-2 in humans, the ashen mouse
model does not develop HLH spontaneously and requires induction through exposure
to the lymphocytic choriomeningitis virus (LCMV) strain in order to develop
symptomatology resembling the HLH component of GS-2 (87). Other transgenic
mouse models of Rab27a effectors, such as Rab escort protein 1 (Repl), have been
used to study inherited Choroideremia (CHM) and showed that ashen mouse retinas
have a normal appearance whereas Rep1 knockout mice display retinal defects (88).
In addition, the ashen mouse model has been used to study the effect of Rab27a in

the regulation of dense granules and platelet function (89).
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Figure 2.5. Hematopoietic cells are affected in GS-2. RAB27A is crucial for immune cell functions, and affects NK cells, CTL, M®, mast cells,
neutrophils, basophils and eosinophils which all require functional lytic secretory granules.
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2.6. Stem cells and their properties

2.6.1. Multipotent Mesenchymal Stromal Cells (MSCs)

MSCs are mesodermal derived multipotent stromal cells which can
differentiate into adipogenic, osteogenic and chondrogenic tissues. They have a
fibroblast-like shape and are positive for CD73, CD90 and CD105 surface markers and
negative for hematopoietic markers, such as HLA-DR, CD45 and endothelial markers,
such as CD31 and vWF (90). Among others, MSCs can be rapidly isolated from bone
marrow, umbilical cord or adipose tissue (91).

MSCs are among the most commonly used stem cell types in regenerative
medicine applications and have been tested for treatment of bone and cartilage
diseases, autoimmune and acute graft versus host disease as well as skin disorders
due to theirimmune modulatory and anti-inflammatory effects (92, 93). Additionally,
MSCs migrate directly towards sites of inflammation or injury in response to a
gradient of chemotactic cytokines, where they promote cell survival and angiogenesis
(94). Although transplantation of MSCs in clinical trials has been shown to be overall
safe, transplantation studies in mice have shown that prolonged culture of murine
MSCs can cause the formation of sarcomas in vivo (95). In addition, the ability of MSCs
to suppress the immune system, may cause additional risk in cancer-prone patients,
since MSCs can thus promote the development or progression of tumors.
Furthermore, MSCs can promote tumor development and progression due to
remodeling of the extracellular matrix, fibroblast activation and neovascularization

(96, 97).

2.6.2. Induced Pluripotent Stem Cells (iPSCs)

Current technologies allow the generation of iPSCs from somatic cells through
ectopic overexpression of combinations of transcription factors, such as OCT4, SOX2,
KLF4 and c-MYC (OSKM) MSCs (98) or OCT4, SOX2, NANOG and LIN28 (99). iPSCs can

be used for disease modeling, drug development and studying of developmental
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biology. The use of disease-specific or patient-derived iPSCs are especially important,
since current mouse models that are being used in drug development and disease
modeling, not always faithfully recapitulate the disease or disease pathophysiology in
humans (100). Thus far, iPSCs have been shown to be play an important role in the
modeling of diseases, such as immune deficiencies and lysosomal storage diseases
(42, 84, 101-103).

In order to enhance reproducibility of results, especially studies using stem
cells as source material require the use of optimized cell culture maintenance
protocols, with special emphasis on stability of medium formulations, and the use of
different types/sourced of extracellular matrix molecules (ECM). Most research labs
use Matrigel as a source of ECM for the culture of iPSCs. The development of Matrigel
has been shown to be of great value since its use makes the use of murine embryonic
fibroblast (MEF) feeder layers unnecessary, thus allowing long-term cell culture in the
absence of risks of murine cell contamination or potential negative effects due to the
presence of xenogenic based components (104). Matrigel is extracted from
Engelbreth—-Holm—Swarm (EHS) mouse sarcomas, contains all known major
components of tissue basement membranes and has been used for many decades for
a variety of cell culture applications (105). Where the growth factor-reduced (GFR)
molecule formulation is popular for its use in culture of ESCs and iPSCs, as well as
tissue organoids (106), in different formulations, Matrigel has been used for culture
of testis cells, angiogenesis assays, tumor invasion assays and other applications, both
in vitro and in vivo (105). However, major issues associated with the use of Matrigel
are that its suitability for studies of cellular biology and its potential for clinical use
and/or drug testing are limited due to its heterogenous, indistinct and batch-to-batch
variable composition. These lot-to-lot inconsistencies further contribute to
unforeseen alterations in the physical and biochemical properties of Matrigel batches

and may cause differences between experiments and decreased reproducibility (107).
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2.6.3. Hematopoietic Stem Cells (HSCs)

HSCs are responsible for the daily production of myeloid and lymphoid cell
lineages and can be isolated from bone marrow, umbilical cord blood or peripheral
blood after stimulation with Granulocyte-Colony Stimulating Factor (G-CSF).
Regulation of the HSC pool occurs through communication with osteoblasts,
mesenchymal cells, ECM and cell signals (108). HSC transplantation has been used to
treat hereditary diseases that affect the hematopoietic and immunologic systems, as
well as for a selection of enzyme-deficiencies that can be treated by secretion of the
missing enzyme (109, 110).

However, when the number of HSCs in the transplant is not sufficient or in the
absence of a human leukocyte antigen (HLA) compatible donor, novel treatment
modalities, such as gene addition allowing production of the missing enzyme or
protein through vectors that provide permanent integration into HSCs or direct gene
editing of the HSCs should be developed. For a number of immune deficiencies,
retroviral and lentiviral vector-based systems have now been developed and are being
used in the clinic (111-117). Gene editing has proven more difficult to achieve, but

has recently also found its way into clinical practice (118, 119).

2.7. Gene therapy tools for treatment of inherited diseases

Currently, the only curative treatment for GS-2 patients is HSC transplantation
(59, 60). But similar to other SCIDs, the development of lentiviral (LV) gene therapy
for patients who do not have a suitable donor may be another option. For some of
the SCIDs, including Adenosine Deaminase (ADA) SCID, X-linked SCID (X-SCID),
Recombination activating-gene (RAG) 1 and 2 deficiency, Chronic Granulomatous
Disease (CGD) and Wiskott—Aldrich Syndrome (WAS) gene therapy, using either
retroviral and/or lentiviral vectors, has already been developed or is being tested in
clinical trials (120-125). However, since the use of retroviral vectors has been
associated with insertional mutagenesis due to integration in or near specific

oncogenes (i.e. MDS1-EVI1, LMO2, CCND2 and SETBP1) (126-129), most researchers
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have switched to the development and use of lentiviral vectors because of their more
suitable safety profile (122, 130). Although the currently used lentiviral vector systems
have been shown to exhibit a decreased the risk for development of leukemia after
HSC gene therapy, some of the promoters or transgenes used may still carry an
intrinsic mutagenic risk (131-133). Therefore, in addition to the lentiviral vectors
systems, novel gene editing tools, such as Zink fingers, TALENS and the CRISPR/Cas9
system have been developed. Below, we will discuss the development of lentiviral
vectors and the CRISPR/Cas systems and their potential use for the treatment of

inherited diseases.

2.7.1. Development of lentiviral vectors

Lentiviruses are members of the Retroviridae family consisting of identical
ssRNA and are approximately 9 kb in length. The lentiviral vectors were developed,
because the previously used Retroviral (RV) vectors were shown to have a preference
for integration near specific protooncogenes (LM0O2, CCND2, MSD1-EVI1, PRDM16,
SETBP1) and required cell division for optimal gene transfer. In contrast, LVs can
transduce both dividing and non-dividing cells and have been shown to integrate
more randomly into the genome (134, 135). Lentiviral vectors (LVs) were developed
using the genome of human immunodeficiency virus 1 (HIV-1). The lentiviral vector
ssRNA genome consists of gag, pol and env genes and accessory genes. They have
their own reverse transcriptase enzyme (RT) that transcribes the RNA into
complementary DNA (cDNA), as well as an integrase enzyme encoded by pol which is
required for the integration of cDNA into the host genome.

The first-generation (1%) LVs still contained HIV pathogenicity genes and was
developed as a three-plasmid system: The packaging plasmid contained the accessory
genes Vif, vpr, vpu, nef, rev and tat. The second plasmid encoded the env gene and
the third plasmid carried the original wild-type HIV 5’ and 3’ LTRs, the packaging
sequence ), and the rev response element (RRE), as well as the transgene and its

internal promoter (136). To develop a safer vector system, vif, vpr, vpu and nef were
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eliminated in the second-generation (2") LV vector systems from the packaging
plasmid. However, the tat gene could not be deleted from the genome due to its
fundamental role in viral production and titration (137). In the third-generation (3")
LV vector systems, the rev gene was separated from the packaging plasmid and placed
in trans onto a fourth plasmid to prevent interaction with gag and po/ (138). This way
the generation of replication-competent LVs (RCL) requires at least two recombination
events. Additionally, to increase the safety, the enhancer sequences in the 5’'LTR-U3
region were deleted, resulting in self-inactivating (SIN) lentiviral vectors with a

decreased risk for the generation of RCL (138) (Figure 2.6).

2.7.2. Development of new promoter systems

Long term stable transgene expression is one of the challenges in the gene
therapy field and is mostly manipulated using a variety of virally-derived promoters.
The most commonly used promoters are the constitutively active promoters PGK
(phosphoglycerate kinase), EF1a (Elongation Factor 1 alpha) and SFFV (Spleen Focus
Forming Virus). In addition to the tissue/cell-specific promoters, recently, a novel class
of promoters, such as the UCOE (Ubiquitous Chromatin-Opening Element) promoter
has been developed. We have previously discussed the design and function of the LV
plasmids and the use of these vectors for the treatment of genetically inherited
diseases in detail (110). PGK is a constitutively active physiological promoter, which is
preferred in many gene therapy constructs. In contrast, the SFFV promoter is a strong
constitutively active promoter that may activate nearby genes and may cause clonal
expansion and tumor progression (132, 139). Therefore, PGK is often preferred to
reduce genotoxicity in both LV and RV vectors (139, 140). However, due to their
constitutively active nature, both of these plasmids are prone to silencing due to

methylation of CpG islands (141).
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Figure 2.6. Generation of third generation self inactivating (SIN) LVs. A) the packaging
plasmids encoding Gag (matrix, capsid and nucleocapsid proteins) and pol
gene (reverse transcriptase). The rev response element (RRE) containing
plasmid assists Rev with the posttranscriptional export of viral MRNAs and
the envelop plasmid, pseudotyped with VSV.g for broad tissue tropism. B)
Transfer plasmid components can be used for cloning of different
promoters (PGK, UCOE, SFFV) and transgene of choice (in our case
RAB27Aco).

The newly developed UCOE promoter, is specifically designed to increase
resistance to epigenetic silencing in several cell types, especially multipotent and
pluripotent stem cells by counteracting epigenetic silencing and preventing position

effect variegation (142, 143).

2.7.3. Development of CRISPR/Cas9 gene editing tools

The CRISPR/Cas9 system was discovered as a defence system in prokaryotes
against bacteriophages (144) and has since then been developed as a powerful,
programmable, RNA guided gene editing tool (Figure 2.7) (145). Initially, the
CRISPR/Cas system was used as a gene editing tool in combination with the use of the
SpCas9 (Streptococcus pyogenes CRISPR associated protein 9) enzyme (146, 147). This
Cas9 enzyme recognizes the PAM (protospacer adjacent motifs) and creates double
strand breaks in the DNA with the guidance of two RNA subunits i.e., crRNA (crispr

RNA) and tracrRNA (trans activating RNA) that are together called the guide RNA
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(gRNA) when they are hybridized (146, 148). Since its discovery, the CRISPR/Cas9
system has been improved and optimized and new Cas enzymes and a new hybridized
guide RNA system consisting of a single guide RNAs (sgRNA) have been developed.
Currently, different bacterial Cas enzymes, such as Cas12a (cpfl), dead SpCas9
(dCas9) and Cas13 can be used to target different PAM sequences in the genome for
genetic editing of dsDNA and ssRNA, respectively (146). This feature provides more
precise editing of the human genome with increased efficiency and reduced
insertion/deletion off-target effects due to non-homologous end joining (NHEJ).
Although Cas9 is the most preferred CRISPR enzyme the newly developed Cas12 has
been favored for gene therapy because it targets AT-rich sequences, reducing off-
target effects in the genome. However, the use of the Casl2 enzyme has been
challenging due to its restriction site precision. Whereas the Cas12a enzyme cuts the
DNA at the 12th-13th base after the PAM sequences (TTTV) with a sticky end, the
Cas9 enzyme cuts at the 3rd base after the PAM sequences (NGG) with a blunt end.
Because of this feature, as well as its high efficiency and relatively low off-target
effects, Cas9 is still the most preferred enzyme for genetic correction of mammalian
genomes (149, 150). The simplicity of the CRISPR/Cas system, in combination with its
exceptionally effective DNA targeting and cleaving efficiency, as well as the possibility
to choose from many naturally occurring type Il (single Cas) system variants, has
allowed researchers to precisely and efficiently target and edit specific genomic

sequences (151).

2.8. Hypothesis and aim

In the framework of this PhD thesis, we wanted to develop and test different
gene therapy tools to test their efficacy and feasibility for the treatment of GS-2. Our
“0” hypothesis is therefore, “gene editing with CRISPR/Cas9 is as efficient as gene
addition using a lentiviral vector with a codon-optimized RAB27A transgene for the

treatment of GS-2”.
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Figure 2.7. Working mechanism of the CRISPR/Cas9 gene editing tool. CRISPR/Cas9
induces double strand breaks and repair through non-homologous end
joining (NHEJ) or homology directed repair (HDR) using the gRNA as a
template.

We therefore designed different CRISPR/Cas9 constructs to specifically edit
and repair mutations in the exon 3 and exon 7 of the RAB27A gene using MSCs and
iPSCs from two GS-2 patients and assessed efficiency, cell viability and the frequency
of homology directed repair (HDR). We then designed and cloned several lentiviral
constructs carrying a codon-optimized version of the RAB27A gene under the control
of PGK, SFFV and UCOE promoters and tested their efficacy in vitro using MSCs and
iPSCs from GS-2 patients and we tested the presence of any tumorigenic potential of
our lentiviral constructs by overexpressing RAB27A in healthy MSCs and HSCs, using
the strongest promoter and the highest MOI and by transplanting these cells in
immune deficient animals. Although our main goal was to “functionally repair” GS-2
HSCs, for construct optimization we used GS-2 MSCs, due to their availability, rapid
culture and the presence of the same RAB27A mutations.

This study aimed further to increase our knowledge and experience using
current molecular gene therapy tools and to develop an alternative treatment for

patients with GS-2.
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3. MATERIALS AND METHODS
3.1. Stem Cell Cultures
3.1.1. Mesenchymal Stem Cells (MSCs)

The MSCs used in this thesis were initially obtained from healthy donors (n=4)
and GS-2 patients (n=4) after approval by the Hacettepe University Ethical Committee
for Non-Interventional Clinical Research (GO14/424) (84) and re-used after approval
by the Hacettepe University Ethical Committee for Non-interventional Clinical
Research (GO20/316). MSCs were cultured in presence of DMF10, consisting of a
mixture 60% DMEM-LG (Dulbecco's Modified Eagle Medium-Low Glucose, Thermo
Fisher Scientific, #31885), 40% MCDB-201 (Sigma, #M6770) medium, supplemented
with 10% heat-inactivated Fetal Bovine Serum (FBS, Life Technologies, #10270), 1%
penicillin/streptomycin (P/S, Gibco, #15140), and 2 mM L-glutamine (Sigma, #G3126).
The FBS used in this study was batch tested by confirming support of MSC
proliferation and differentiation before purchase and lot#45F5081K was used in all
experiments. Heat inactivation (HI) was obtained by thawing the frozen FBS in 37°C
and then heating the FBS for 45 minutes at 56°C. FBS-HI batches were spun down to
remove complement debris and sterile aliquoted and stored at -20°C until use. MSC
culture media were changed twice a week. When cells reached 70-80% confluency,
cells were passaged using 0,25% Trypsin/1 mM Ethylenediaminetetraacetic acid
(EDTA). Briefly, cells were washed with 1X Phosphate Buffered Saline (PBS, Advanta,
#R01038) and then incubated for 5 min at 37°C 5% CO,. After detachment cells were
collected with 10 mL DMF10 and centrifuged at 450 xg for 5 min in a tabletop
centrifuge (Eppendorf, #5810R). Cells were counted with a Burker-Tirker
hemocytometer using 0,4% Trypan Blue staining and 3x10° cells were seeded per T75
flask (4000 c/cm?). For optimization of freezing conditions, cells were frozen in
presence of 10% DMSO or 5% DMSO with or without the addition of the anti-oxidants,
SUL-109 or Resveratrol (RES).
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3.1.2. Hematopoietic Stem and Progenitor Cells (HSPCs)

Umbilical cord blood (UCB) was collected from the healthy term newborns
born by Cesarean section at the Department of Gynecology and Obstetrics after
approval by the Hacettepe University Ethical Committee on Non-Interventional
Clinical Research (GO20/316) and obtaining of informed consent of the mothers. Up
to 60 mL UCB was collected in 20 mL PBS containing 20 uL Heparin (5.000 IU/mL,
Poliparin). Collected UCBs were inspected for the presence of clots. If the collected
volume exceeded >40 mL, cells were processed for use or cryopreservation. Viable
nucleated cell counts were assessed before (total nucleated cells, TNC) and after
(mononuclear cells, MNC) density centrifugation using Lymphocyte Separation
Medium (Cegrogen, #J0500). Cells were counted using Turk’s solution (0,01% Crystal
violet/1% glacial acetic acid) to lyse red blood cells. Recovery was calculated for
quality control purposes and MNCs were used if the recovery was between 20-40%
of the original TNC number. CD34+ HSPCs were isolated using magnetic activated cell
sorting (MACS). Briefly, MNCs were centrifuged at 300 xg for 5 min twice and then
resuspended in 300 pL of MACS buffer (PBS supplemented with 2 mM EDTA and 0.5%
BSA [Miltenyi Biotech, #130-091-376]) for up to 108 total cells. Cells were then
incubated with 100 pL FcR Blocking Reagent and 100 puL CD34 MicroBeads (Miltenyi
Biotech, #130-046-703) and incubated at 4°C for 30 min at a MACS rotator. After
incubation, cells were washed with 4 mL MACS buffer and centrifuged at 300 xg for 5
min twice. Supernatant was discarded and cells were resuspended with 3 mL MACS
buffer. Cells were layered onto pre-wetted LS columns (Miltenyi Biotech, #130-042-
401) containing a pre-separator 40 um cell sieve (Miltenyi Biotech, #130-041-407) and
placed into a magnetic field (MidiMACS). Columns were rinsed with 4x3 mL ice cold
MACS buffer and the negative flow through was collected in a 15 mL tube (CD34- cell
fraction). The CD34+ cell fraction was collected after removal of the column from the

magnetic field and rinsing of the columns using 2 x 6 mL of MACS buffer.
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Healthy male Balb/c bone marrow (BM) cells were collected from femurs and
tibia and CD117+ BM cells were selected using a Lineage depletion kit (Miltenyi, #130-
090-858), followed by positive selection for CD117 (Miltenyi, #130-091-224),
according to the manufacturer’s instructions. Briefly, BM cells were washed with 1X
PBS twice and resuspended in MACS buffer. Resuspended cells were counted and
centrifuged at 300 xg for 10 min. The supernatant was discarded and the cell pellet
was resuspended in 40 pL MACS buffer and 10 uL biotin-antibody against lineage
positive cells per 107 total cells and incubated at 4°C for 10 min. After the addition of
30 puL MACS buffer and 20 uL of anti-Biotin MicroBeads per 107 total cells were added
and incubated for 15 min at 4°C. Cells were washed with 2 mL MACS buffer twice and
centrifuged at 300 xg for 5 min. Cells were resuspended in 2 mL MACS buffer and then
passed through a pre-separation filter (Miltenyi, #130-041-407) to prevent clogging
of the column. The column was placed on the magnet and pre-wetted with MACS
buffer before use. While the lineage positive cells, bound to biotin-antibodies were
captured onto the magnet, the flow-through contained the lineage-negative stem cell
enriched fraction. The flow-through was collected by washing the column twice with
6 mL MACS buffer. The lineage positive cells were collected by washing with MACS
buffer after the removal of the column from the magnetized field. Both cell fractions
were counted and recovery of the cell fractions was calculated.

For the selection of CD117+ cells, the lineage negative fraction was
resuspended in MACS buffer and centrifuged at 300 xg for 10 min. The supernatant
was discarded and the cell pellet was resuspended in 80 uL of MACS buffer per 107
total cells. Per 107 total cells 20 pL of anti-CD117-microBeads were added and cells
were incubated at 4°C for 30 min. After incubation, the cells were washed with 2 mL
MACS buffer per 107 cells and centrifuged at 300xg for 10 minutes. The supernatant
was discarded and the cells were resuspended in 2 mL MACS buffer and counted.

CD117+ BM cells were cultured in HSC expansion medium (Miltenyi, #130-
100-463) supplemented with 30 ng/mL recombinant murine TPO (rmTPO, Peprotech,
#315-14) (152).
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3.1.3. Induced Pluripotent Stem Cells (iPSCs)

Some of the GS-2 iPSC clones used within the framework of this thesis were
previously generated and characterized (84). Other new GS-2 iPSC clones were
generated as part of this thesis after approval by the Hacettepe University Ethical
Committee on Non-Interventional Clinical Research (GO20/316). Characteristics of all

samples used are shown in Table 3.1.

Table 3.1. Confirmed RAB27A mutations in healthy donor and GS-2 MSCs and iPSCs.

clone Patient Mutation Exon | characterization
YF #A2A3 GS-2 c.148-149delinsC 3 (84)

iK #5 GS-2 €.514-518delCAAGC 7 (84)

GP #1 -- ok -- (84)

AB #2 GS-2 cT217Ghom* 5 This thesis

AB #4 GS-2 ¢.T217G hom 5 This thesis

ARB carrier cT217G het* 5 This thesis

ABM -- ok -- This thesis

*hom: homozygote, het: heterozygote

Generation of novel GS-2 iPSC clones

GS-2 patient AB-derived MSCs were seeded at different concentrations
(12.500 and 25.000 cell/well) into wells of a 12-well plate in 2 mL DMF10 medium and
incubated overnight (O/N). The following day 1 mL of unconcentrated LV-SF-OSKM
(Figure 3.1) lentiviral vector was added onto cells and cells were incubated for 1 day.
The LV-SF-OSKM construct was kindly provided by Prof. Dr. Axel Schambach (MH
Hannover) and production and testing of the viral vector supernatants have been
described before (84). Briefly, HEK293T were used as packaging cells. For transfection
of the HEK293T cells a mixture of 20 pg transfer vector (SFFV-OSKM), 7 ug envelope
(pMD2-VSV.g), 13 ug p.GAG.POL.RRE (pMDLg/p-RRE) and 5 pg p.REV (pRSV-REV)
plasmids was used (153). Transfections were done using a calcium phosphate kit
(CAPHOS, Takara bio, #631312). 18 hours after transfection, the medium was
changed, and after 24 hours, the supernatants containing the lentiviral vector were
collected and passed through a 45 um filter (Millipore, #SLHPO33RS). The filtered viral

vector supernatants were concentrated using a Beckman Coulter (#326823) with a
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SW32 rotor at 20,000 rpm for 2 hours at 4°C. MSCs were transduced overnight with
LV-OSKM, followed by culture with DMF10 for 7 days (or until confluent) and media
were changed every 2 days. 6-well plates were coated with Matrigel (Corning,

#354277, Lot #3025004), according to the manufacturer’s instructions.

Nrul* (612)
Mfel (964)

KFfII (1709)
Hpal (1803)
PaeR7I - PspXI - Tli

(11,125) Scal

Ascl (2331)
Agel (2372)

(9960) SFil BstBI (2943)

PRRL.PPT.SF.OKSM.idTomPRE
12,899 bp
(9416) Xbal ~ " NsiI (3456)
(8621) Afel
(8493) SexAI* XemE (4456)
(8187) BsiWI
(8024) FspAI

(7702) PmII

MiuI (5960)

Figure 3.1. The LV-OSKM transfer plasmid backbone. OSKM contains the SFFV
promoter and human OCT3/4, SOX2, KLF4 and c-MYC transgenes with
idTom as a tag.

24 hours before cell culture, an aliquoted Matrigel sample was thawed at 4°C
O/N and carefully diluted in 25 mL DMEM:F12 media (Dulbecco's Modified Eagle
Medium Nutrient Mixture F-12, Thermo Fisher, #11330). Using pre-cooled pipettes, 1
mL Matrigel was layered onto each well of a 6-well plate and either incubated at 37°C
for 30 min or at room temperature for 60 min. LV-OSKM-transduced MSCs were
collected with 0,25% Trypsin/1 mM EDTA, as described above, and seeded onto the
Matrigel coated 6-well plates in presence of DMF10. The next day, wells were checked
for cell adherence and medium was replaced with 1,5 mL iPS Brew (Miltenyi, #130-
104-368), TeSR-E8 (Stem Cell Technologies, #05990) or mTeSR Plus (Stem Cell

Technologies, #100-0276) media to test which cell culture medium supported
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reprogramming of somatic cells best. Media were changed daily and cell culture was
continued until the colony formation was observed. When cell colonies were
sufficient in number and size, several clones were picked. Colonies that were
sufficiently large for selection, were divided into small pieces using a 10 pL pipette tip
or an insulin injection needle. Colonies were then carefully selected and transferred
onto fresh Matrigel-coated 12-well plates, prefilled with TeSR-E8 or iPS Brew XF and
10 uM Rock inhibitor (Ri, Y27632, Tocris, #1254).

Maintenance and cryopreservation of iPSCs

Since we noticed spontaneous differentiation in some of the iPSC cultures, we
decided to test different conditions for the maintenance and cryopreservation of the
cells. In similar the reprogramming, we tested the three media described above for
long-term culture maintenance and optimized cryopreservation of the iPSCs using
10% DMSO or DMSO-reduced cryopreservation medium formulations, supplemented
with the antioxidants SUL-109 (Sulfateq, #FD01) at 1:25 (154) or Resveratrol (RES,
Enzo, #BML-FR104-0100) at a concentration of 1 uM and 10 uM. Cryovials were
placed in a Mr. Frosty (Nalgene) and stored at -80°C for at least 24 hours before being

transferred to a liquid Nitrogen tank.

Passaging of iPSCs

iPSCs were passaged using RelLeSR (Stem Cell Technologies, #100-0484).
Briefly, 30 min before passaging, fresh Matrigel-coated 6 well plates were prepared.
The culture medium was brought to room temperature. Cells were washed with
DMEM:F12 or DPBS (Gibco, #14190) and the medium was aspirated. 1 mL ReLeSR was
added into the wells and cells were incubated for 1 min. After the ReLeSR was
discarded, the plate was placed into an incubator to incubate the cells for 5 more
minutes at 37°C. After incubation, colonies were collected carefully in order to
prevent breaking up of the colonies into single cells and transferred as clumps to fresh
Matrigel-coated wells in the presence of media and 10 uM Ri. For thawing, frozen

iPSCs were placed in a water bath at 37°C for 3-4 min and then immediately
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transferred to thawing media, consisting of E8 medium (Stem Cell Technologies,
#05990) supplemented with 1% P/S with or w/o 10 uM Ri, SUL-109 or RES. Cells were
centrifuged at 200 xg for 2 min. After the supernatant was discarded, the pellet was
gently resuspended in culture media without breaking up the colonies into single cells
and directly seeded on Matrigel-coated plates. The first 24 hours after thawing, cells
were cultured for 48 hours in the presence of Ri with or w/o the addition of SUL-109
and RES to prevent cryopreservation-related delayed cell death. Thereafter, cell
media were daily replaced with maintenance media, consisting of E8 medium with

1% P/S only.

3.2. Characterization of stem cells
3.2.1. Immunophenotyping by flow cytometry

Immunophenotyping of MSCs

MSCs were trypsinized and centrifuged at 300 xg for 5 min. The supernatant
was discarded and the pellet was resuspended in 1 mL PBS. Cells were counted and
1x10° cells were incubated with a panel of directly labeled fluorescent antibodies
(shown in Table 3.2). Antibody concentrations were used according to the
manufacturer’s instructions or adapted after careful testing. All incubations were
done in PBN (PBS; 5% BSA; 0,5% NaNs3) with 2% human AB serum to block non-specific
protein binding for 15 minutes at RT, in the dark. After incubation, the cells were
washed with PBN three times and resuspended in 200 pL PBN. Before acquisition,
cellular gates were determined and data of 10.000 viable cells (based on the SSC vs
FSC gating strategy) were recorded using a BD Accuri C6 plus flow cytometer (Becton
Dickinson) and analyzed using the BD CSampler software.

For intracellular staining of RAB27A, MSCs were collected with trypsinization
and centrifuged at 300 xg for 5 min. The supernatant was discarded and the pellet
was resuspended in 1 mL PBS. Cells were counted and were divided at 1x10°
cells/tube. Cells were fixed in 250 uL Fixation buffer (Becton Dickinson, #554655) and

incubated for 30 min at 4°C. The cells were washed once with 1 mL PBN (PBS/5%
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BSA/0,5% NaNs3) and then permeabilized with 500 uL Perm Buffer Il (Becton
Dickinson, #558050). Cells were washed with 1 mL PBN twice and centrifuged at 300
xg for 5 min. The pellet was resuspended and incubated with 1 uL RAB27A primary
antibody (Thermo Scientific, #4D3F11) in 25 pL PBN for 45 min at RT. After incubation
cells were washed 3 times with 1 mL PBN. For secondary antibody staining, rat anti-
mouse IgG2b-FITC (eBioscience, #11-4220-82) was used. Cells were washed 3 times
and for the final step, cells were resuspended with 200 pL PBN. Cells were assessed
using a BD Accuri C6 plus flow cytometer (Becton Dickinson) and analyzed using the

BD CSampler software.

Table 3.2. Antibodies used for characterization of MSCs.

Antibody and conjugate Brand Catalog number
CD29-APC BD Pharmingen 559883
CD44-APC eBioscience 17-0441-82
CD73-FITC BioLegend 344016
CD90-FITC BioLegend 328108
CD105-PE eBioscience 12-1057-42
CD166-PE BioLegend 343903
RAB27A Thermo Fisher 4D3F11
RAB27A Invitrogen PA5-79904
IgG2b-FITC eBioscience 11-4220-82
Goat anti-mouse IgG-AF568 Abcam ab175473

Immunophenotyping of HSPCs

Human and murine HSPCs were immunophenotyped before and after
selection. Cells were centrifuged at 300 xg for 5 min. The supernatant was discarded
and the pellet was resuspended in 1 mL PBS. Cells were counted and 1x10° cells were
incubated with a panel of directly labeled fluorescent antibodies (shown in Table 3.3).
Antibody concentrations were used according to the manufacturer’s instructions or
adapted after careful testing. All incubations were done in PBN with 2% normal
mouse serum to block non-specific protein binding for 30 minutes at +4°C, in the dark.
After incubation, the cells were washed with PBN three times and resuspended in 200
pL PBN. Before acquisition, cellular gates were determined and data of 10.000 viable

cells were recorded using flow cytometry.
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Antibody and conjugate Brand Catalog number
human CD34-APC BioLegend 343510
human CD38-PE BioLegend 303506
human CD45-FITC BD Bioscience 345808
human CD45-APC BD Pharmingen 555485
mouse Sca-1 (Ly6A/E)-PE BD Pharmingen 553108
mouse c-kit (CD117)-APC BioLegend 135108
mouse CD45-FITC BioLegend 103108

Immunophenotyping of iPSCs

iPSC clones were broken up into single cells using ReLeSR and centrifuged at

200 xg for 3 min. The supernatant was discarded and the pellet was resuspended in

PBN+2% human AB serum. Antibodies used are shown in Table 3.4. Concentrations

and staining protocols were used as per the manufacturer’s instructions. Briefly, cells

were incubated at RT for 15 min in the presence of the specified antibodies. After

incubation cells were washed with PBN three times and resuspended with 200 uL

PBN. Cells were assessed using the BD Accuri C6 plus flow cytometer (Becton

Dickinson) and analyzed using the BD CSampler software.

Table 3.4. Antibodies used for characterization of iPSCs.

Antibody and conjugates | Brand Catalog number Dilution
OCT3/4-APC Miltenyi 130-105-555 1:10
TRA-1-60-PE Miltenyi 130-100-347 1:10
TRA-1-81-PE Miltenyi 130-101-410 1:10
SSEA1-APC Miltenyi 130-104-937 1:10
SSEA4-APC Miltenyi 130-098-347 1:10
CD34-APC Biolegend 343510 2 pl/test
CD43-PE Biolegend 303506 2 pl/test
CD45-FITC BD Bioscience | 345808 2 ul/test

3.2.2. Immunofluorescence Staining (IF)

MSCs and iPSCs were seeded into 8-well chamber slides (Nalgene Nunc

International, #154534) and were grown until they reached 70-80% confluency. The

culture medium was discarded and cells were washed with PBS. Cells were fixed with
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4% Formaldehyde solution (J.T. Baker, #7041) and incubated at 4°C for 10 min.
Formaldehyde solution was discarded and cells were permeabilized with 500 pL 0.2%
Triton-X-100 (Sigma-Aldrich, #9036-19-5) in PBS at RT for 10 min. After incubation,
100 pL blocking buffer consisting of 0.1% Tween-20 (Merck, #822184), 5% BSA
(Miltenyi Biotech, #130-091-376) and 5% antibody’s host animal serum was added to
each well and incubated for 1h at 4°C, while the chamber slides were covered with
parafilm (Sigma-Aldrich, # P7793). Antibodies were diluted in blocking buffer
according to the manufacturer’s instructions and added to each well and incubated
at 4°C O/N. The next day, the primary antibody was discarded and washed with PBS
three times. The secondary antibody was diluted with blocking buffer and 100 pL was
added to each well, after which the cells were incubated at RT for 1h. DAPI (4',6-
diamidino-2-phenylindole dihydrochloride, Sigma, #D8417) stock solution (5 mg/mL)
was diluted to 5 ug/mL and added to the wells followed by incubation for 5 min at RT.
Then cells were washed with PBS three times and mounting media was added onto
the cells. The chamber slide was closed with coverslip glass and the samples were
ready to image with Olympus fluorescence microscope (1X73). Images were analyzed

with the free online ImageJ software (NIH).

3.2.3. Assessment of RAB27A expression by Western Blotting (WB)

MSCs and iPSCs were lysed with RIPA buffer containing protease inhibitors
(Roche, #5892970001). Proteins (20 ug per lane) were separated using a 15%
polyacrylamide gel and transferred to the PVDF membrane with a Trans-Blot system
(Biorad, #1704150). Membranes were blocked with 5% non-fat dry milk (Bio-Rad,
#1706404) in 0,1% Tween-20 in TBS (TBS-T) and incubated with anti-RAB27A antibody
(1:2000, Saint John’s, #STJ25258) overnight. Membranes were then stained with a
secondary rabbit antibody (1:10000, Advansta, #R-05072-500) at room temperature
for 2 hours. GAPDH (1:10000, Invitrogen, #MA5-15738) was used as a housekeeping
protein. Proteins were detected using ECL (Thermo Scientific, #32132) and imaged

using a FluorChem FC3 (R&D Systems).
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3.2.4. RNA Isolation

MSCs and iPSCs were collected with Qiazol reagent (Qiagen, #79306) to
solubilize the DNA and RNA and denature the proteins. RNA isolation was performed
using the Direct-zol RNA isolation kit (Zymo, #R2062), according to the manufacturer’s
protocol. Briefly, absolute ethanol (Sigma-Aldrich, E7023) was added in an equal
volume to TRIzol and vortexed. The mixture was transferred to a column placed in a
collection tube and centrifuged at 16.000 xg for 30 sec. The flow-through was
collected in a 15 mL polypropylene tube for protein isolation later. The column was
then washed with RNA wash buffer and centrifuged at 16.000 xg for 30 sec. The
DNase | solution was prepared by diluting 5 uL DNase | (6 IU/uL) in 35 uL DNA
Digestion Buffer and directly added onto the column and incubated for 20 min at RT.
After incubation the column was washed with 400 uL RNA PreWash buffer and
centrifuged at 16.000 xg for 30 sec. The column was washed with 700 puL RNA Wash
Buffer and centrifuged at 16.000 xg for 60 sec. Next, the column was transferred to
an RNase-free tube. To elute the RNA, 15 pL of pre-warmed (37°C) DNase/RNase-Free
water was added directly onto the column and centrifuged at 16.000 xg for 60 sec.

Eluted RNA was measured using a Nanodrop 1000 (Thermo Fisher).

3.2.5. Quantitative Real-Time PCR (qRT-PCR)

RNA was reverse transcribed to cDNA (Table 3.5) and the thermal cycler was
set for annealing at 25°C for 5 minutes, extension at 42°C for 60 minutes and
inactivation at 70°C for 15 minutes. At the end of the protocol, cDNA was diluted 5
times in DNase/RNase-free water and stored at -20°C. The gqRT-PCR was performed
using the GoTaq 2-Step RT-qPCR kit (Promega, #A6010) and LightCycler 480 Probes
Master mix (Roche, #04707494001) and assessed using a Light Cycler 480 Il (Roche,
USA). For details see Table 3.6. The SYBR protocol was set for 40 cycles of denaturation
at 95°C for 15 sec and annealing/extension at 60°C for 1 minute. The primer
sequences used are shown in Table 3.7. GAPDH and B2M were used as a
housekeeping gene for normalization and the 224¢T method was used to calculate

the relative gene expression (155).
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Table 3.5. cDNA synthesis protocol and required volume of components.

Components Volume (pL)

RNA template Depends on concentration
Oligo dT primer (0.5pug/ul) 1

5X GoScript Buffer 4

MgCl; (25 mM) 2

dNTP mix 1

Ribonuclease Inhibitor 0,5

Reverse Transcriptase 1

Nuclease free water Up to 20 pL

Table 3.6. Required volume of components for two different gRT-PCR kit.

Components Promega SYBR Mix Roche Probe Master mix
SYBR master mix (2X) 5uL 5uL
Primer F 0,5 uL
: L 1pL
Primer R 0,5 uL
dH,0 2 ul 2ul
Table 3.7. Forward and reverse primer sequences.
Gene ‘ Forward Reverse

Primer/Probe sets

RAB27A CTGAAGAGGACATGTGATTGGA | GTCTTTGAGCCTTAGATTTCCAG
B2M CCGTGTGAACCATGTGACTTT CCTCCATGATGCTGCTTACA
OCT4 GCAAAACCCGGAGGAGTC TCCCAGGGTGATCCTCTTCT
SOX2 ATGGGTTCGGTGGTCAAGT GGAGGAAGAGGTAACCACAGG
NANOG ATGCCTCACACGGAGACTGT CTGCAGAAGTGGGTTGTTTG
PPARG GACAGGAAAGACAACAGACAAAT | GGGGTGATGTGTTTGAACTTG
SCD CCGGGAGAATATCCTGGTTT AGGAGTGGTGGTAGTTGTGGA
ALPL AGAACCCCAAAGGCTTCTTC CTTGGCTTTTCCTTCATGGT

SP7 GACTGCAGAGCAGGTTCCTC TAACCTGATGGGGTCATGGT
Gene Forward Reverse

Primers (w/o probe)

GAPDH CATCACTGCCACCCAGAAGAC TGACCTTGCCCACAGCCTTG
human/mouse

RAB27A CTGAAGAGGACATGTGATTGGA | GTCTTTGAGCCTTAGATTTCCAG
human

RAB27Aco AGTACGGCATCCCTTATTTCG ATCCAAGACTTGTCCACGCA
Sry mouse CATCGGAGGGCTAAAGTGTCAC | TGGCATGTGGGTTCCTGTCC
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3.3. Stem Cell Differentiation assays

3.3.1. Adipogenic and Osteogenic differentiation of MSCs

For adipogenic differentiation, healthy donor and GS-2 MSCs were maintained
in DMEM-LG with 10% FBS-HI, 1 uM dexamethasone (Invitrogen, #D1756), 60 uM
indomethacin, (Sigma, #17378), 500 uM isobutylmethylxanthine (IBMX, Sigma,
#15879), and 5 pug/mL Insulin (Sigma, #16634) for 7 days. After this period, cells were
collected to assess changes in gene expression of the adipogenic markers SCD and
PPARG using RT-PCR, as described before (156).

For osteogenic differentiation, healthy donor and GS-2 MSCs were grown in
DMEM-LG with 10% FBS-HI, 100 nM dexamethasone, 10 mM B-glycerophosphate
(Applichem, #2250), and 0.2 mM L-ascorbic acid (Sigma, #A4034) for 7 days. Cells
were collected and assessed for changes in gene expression of the osteogenic markers

ALPL and RUNX2, as described before (84, 156).

3.3.2. Hematopoietic differentiation of iPSCs

For optimization of hematopoietic differentiation of healthy donor and GS-2
iPSCs two different protocols were used. The first differentiation protocol was feeder-
free, using a Matrigel-coated 10 cm tissue culture-treated dishes, whereas the second
protocol makes use of the Op9 feeder layer system (157). The Op9 cell line was kindly
provided by Prof. Dr. Juan Carlos Zufiga-Pflicker (Sunny Brook Research Institute,
Canada) (158) and maintained in aMEM (Minimum Essential Medium Eagle, Thermo
Fisher, #11095) containing 20% FBS (Gibco, #10270) and 1% P/S. The Op9 cells were
seeded onto a 10 cm petri dishes and used as feeder layers when the layers reached
approximately 70-80% confluency. Then the iPSCs were seeded onto either the
Matrigel-coated plates or the Op9 feeder layers in mTeSR Plus medium and observed
for 10-15 days until hematopoietic island formation was seen. When clear islands
were observed, induction of hematopoietic differentiation was initiated using the

hematopoietic differentiation kit (Stem Cell Technologies, #05310). The culture
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medium was replaced with medium A to induce mesodermal differentiation (first
stage). After 3 days, the medium was changed to medium B for the second stage of
differentiation, hematopoietic induction (Figure 3.2). At the end of this stage, cells
should have differentiated up till the early hematopoietic stem cell (CD43+/CD34+).
To assess hematopoietic differentiation, cells were collected and used for interim
analyses of CD34, CD38, CD43 and CD45 expression (and loss of expression of iPSC
markers) by flow cytometry and colony assays (Stem Cell Technologies, #H4434) to
induce terminal hematopoietic differentiation. Briefly, 1:10 of the cells were collected
from the cultures in 0,3 mL IMDM and directly mixed with 2,7 mL of methylcellulose
containing Stem Cell Factor (SCF), Granulocyte/Macrophage-Colony Stimulating
Factor (GM-CSF), Interleukin 3 (IL-3), Erythropoietin (EPO). Cell mixtures were plated
in non-tissue culture treated 35 mm wells (BD Falcon 35-1008) at 1 mL/well and
maintained in a humidified atmosphere for 10-14 days. After visible colonies
appeared, colonies were counted and collected in 2 mL PBS for staining. Cells were
centrifuged at 300 xg for 5 minutes and stained for expression of CD16, CD33, CD34,
CD38, CD43 and CD45, as described above.

o
oo
S 4days A 3daysA A A Aodays A A 3 days
€
Sufficient Differentiation
colony to mesoderm Hematopoietic stem cell differentiation Maturation of HSCs
formation . Medium B StemSPAN+STF
. . Medium A
iPSC medium
2 adays A 3daysh A A Adodys A A 3 days

A Medium changes

Figure 3.2. Hematopoietic differentiation of iPSCs. iPSCs were differentiated towards
mesodermal and hematopoietic lineage. Plates were coated with Matrigel
(upper panel) or Op9 cells (lower panel). iPSCs were seeded onto the
plates. Mesodermal differentiation was induced using Medium A for 3
days, followed by HSC induction for 9 days using Medium B. Final cell
expansion and maturation were done for 3 additional days using
StemSPAN medium with SCF, TPO and Flt3-ligand.



38

3.4. Design, preparation and testing of RAB27A CRISPR/Cas9 constructs

3.4.1. gRNA design and T7 Endonuclease Assay

The guide RNA (gRNA) sequences targeting the RAB27A gene exon 3 and exon
7 mutations specific to the patient cells, were designed using the CHOPCHOP website
(https://chopchop.cbu.uib.no) (159). The GS-2 mutations were annotated on the
RAB27A DNA coding sequence using SnapGene software. For each mutation 3

mutation-specific gRNAs were designed and tested on GS-2 MSCs (Table 3.8).

Table 3.8. Selected gRNAs from CHOPCHOP for design of CRISPR constructs.

gRNA name gRNA sequence PAM
gRNA3.2 TTGATTTCAGGGAAAAACAG | TGG
gRNA3.3 CTCCAAATTTATCACAACAG | TGG
gRNA3.5 TGTATATTGGTAAAGTACAC | TGG
gRNA7.1 ATAAGCAATTGAGATGCTTC | TGG
gRNA7.2 ATTGCTTATGTTTGTCCCAT TGG
gRNA7.3 GGACCTGATAATGAAGCGAA | TGG

Transfections were performed using the Neon Transfection System Kit
(ThermoFisher Scientific, #MPK10096). Briefly, gRNAs were diluted in IDTE buffer in
the presence of 200 uM crRNA and 200 pM tracrRNA to form the sgRNA complex. The
sgRNA complexes were then incubated with Cas9 enzyme (Integrated DNA
Technologies, IDT, #1081059) for 15 minutes at room temperature to allow formation
of the ribonucleoprotein (RNP) complex. After transfection, cells were incubated at
37°C with 5% CO; for 72 hours. Cells from a single well were pooled and used to
extract genomic DNA (gDNA). Briefly, samples were incubated with nuclear lysis
buffer (50 mM Tris-Cl, 10 mM EDTA, 0.8% SDS) O/N and then digested with
phenol/chloroform/isoamyl alcohol (25:24:1) for 2 min. After centrifugation, samples
were transferred to 100% ethanol to precipitate the DNA. gDNA was used for PCR and
loaded onto agarose gels. When PCR bands were visible on the gel, we performed the
T7 Endonuclease | (T7E1) assay (New England Biolabs, #M0302) to assess the genome
targeting efficiency of the designed gRNAs. Amplicons were tested using gDNA from

the target GS-2 MSCs and from negative control healthy donor MSC DNA.
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After the assay, NHEJ events were calculated from the agarose gel images
using Gel Analyzer software (http://www.gelanalyzer.com/) followed by mismatch
detection with the T7El calculator (https://horizondiscovery.com/en/ordering-and-
calculation-tools/t7ei-calculator). The estimated gene modification rate was
calculated using the following formula: % gene modification = 100 x (1-(1-fraction
cleaved)) (160). Single strand oligodeoxynuclotide (ssODN) repair templates were
designed with homologous genomic sequences that were obtained from NCBI (Gene

ID: 5873) for selected gRNAs (Table 3.9).

Table 3.9. Donor DNA sequences for to test HDR.

Strand | ssODN Sequence

E3 + CAATATACAGATGGTAAATTTAACTCCAAATTTATCACAACAGTGGGCATTGATTT
CAGGGAAAAAAGAGTGGTAAGTTCTATATCCTTCTATGTAAAAATGTAATCG

E3 - CGATTACATTTTTACATAGAAGGATATAGAACTTACCACTCTTTTTTCCCTGAAAT
CAATGCCCACTGTTGTGATAAATTTGGAGTTAAATTTACCATCTGTATATTG

E7 + CTACTTTGAAACTAGTGCTGCCAATGGGACAAACATAAGCCAAGCAATTGAGAT
GCTTCTGGACCTGATAATGAAGCGAATGGAACGGTGTGTGGACAAGTCCTGGT
TCCTGAAGG

E7 - CCTTCAGGAATCCAGGACTTGTCCACACACCGTTCCATTCGCTTCATTATCAGGT
CCAGAAGCATCTCAATTGCTTGGCTTATGTTTGTCCCATTGGCAGCACTAGTTTC
AAAGTAG

3.4.2. Correction of RAB27A mutations using CRISPR/Cas9

For correction of GS-2 MSCs, cells were collected with Trypsin/EDTA and single
cells were resuspended in R-solution (Thermo, #1096B). For correction of GS-2 iPSCs,
iPSCs from a single well were collected with ReLeSR solution and cell aggregates were
resuspended in R-solution. The RNP complex was prepared from a mixture of gRNA
(50 uM), Cas9 (61 uM) and PBS. The cell suspension was mixed with the RNP complex,
homology-directed repair (HDR) donor DNA at a concentration of 100 uM,
electroporation enhancer (Integrated DNA Technologies, #1075916) at 20 uM and
pipetted onto the Neon Transfection System (Thermo, #1096). For negative controls
DMSO was used instead of donor DNA. Transfections were performed at 1400 V, 10

ms and 3 pulses.
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Transfected MSCs were cultured in 6-well plates in DMF10 without P/S for 2
days. After transfection of iPSCs, cells were placed onto fresh Matrigel-coated dishes

and cultured in TeSR-E8 with 10 uM Ri for 2 days.

3.4.3. Mutation repair analysis using Sanger or NGS

After 2 days of culture, transfected and control GS-2 MSCs and iPSCs were
collected and gDNA was isolated using phenol:chloroform:isoamyl alcohol (25:24:1)
extraction, as described above. Sequencing was done using gDNA via Sanger or MiSeq
(Hlumina) by Intergen. Aligned “.bam” files were analyzed with the IGV 2.3 (Broad

Institute) software.

3.5. Design and preparation of different RAB27Aco expressing lentiviral

vectors
3.5.1. Subcloning of the RAB27Aco Gene and Preparation of Bacterial Stock

The transgene encoding codon-optimized human RAB27Aco, was modified
with a Kozak sequence to improve translation, and cloned into a lentiviral backbone
plasmid. We used the PGK-RAB27Aco (GenScript), UCOE-RAG2 (generously provided
by Prof. Dr. Axel Schambach, MH Hannover) (125) and LeGo-SF-Angptl3-iG2 plasmids
(161) to make three lentiviral RAB27Aco constructs under the control of the UCOE,
PGK and SF promoters (162-164). The PGK-RAB27Aco transgene was cloned under
the control of an UCOE promoter by using 1 pL Agel-HF (R3552S, New England
Biolabs) and 1 uL Sbfl-HF (R3642S, New England Biolabs) restriction enzymes. Details
of the protocol used are given in Table 3.10. Plasmid maps of the original constructs
are shown in Figure 3.3.

For RAB27Aco gene transfection 0,5 plL transgene plasmid was used for
transformation of 12,5 pL Stbl3 competent bacteria (Invitrogen, #C737303) and
incubated for 30 min on ice. Bacteria were then exposed to heat shock at 42°Cin a

water bath for 1 min and immediately put into ice.
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350 pL SOC medium (Invitrogen, #15544034) was added and the mixture was

shaken for 30 min at 37°C. The SF-RAB27Aco-IRES-GFP plasmid was expressed in XL1

Blue competent bacterial cells using the same basic heat shock protocol, as described

above.

Table 3.10. Cloning of RAB27Aco under the control of the UCOE and SFFV promoters.

Backbone PGK-RAB27A UCOE-RAG2 LeGo-A3-iG2
insert

Plasmid 3 ug (1.75 pL) 0.5 ug (0.45 pul) 0.5 pug (0,55 pL)

CutSmart 2L 2L 2 uL

(Buffer)

Agel-HF 1ul 1pul 1pul

Sbfl-HF 0.5 uL 0.5 uL 0.5 pL

H:0 14.75 pL 16.18 puL 16.45 pL

Total Volume | 20 uL 20 pL 20 pL

After heat shock, the bacteria were transferred to Luria-Bertani (LB) agar plates and

maintained at 37°C O/N. To prepare LB agar, we used 7,5 g bacto agar (BD Thermo

Fisher, #DF0140-01-0), 5 g tryptone, 5 g NaCl, 2,5 g yeast extract and up to 500 mL

dH,O0. After sterilization and cooling down of the LB agar, we added 500 pL ampicillin

(100 ug/mL).
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Figure 3.3. Maps of the backbone plasmids used for cloning. RAB27Aco was cloned
into 3 lentiviral backbone constructs with different promoter sequences

(PGK, UCOE and SFFV) for comparison of promoter efficiency.
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After 18-24 hrs, selected bacterial colonies were transferred to 5 mL LB broth.
For LB broth preparation we used 10 g tryptone, 10 g NaCl, 5 g yeast extract and up
to 1 L of dH,0. After 12 hrs the OD600 value was measured. When the OD value
reached levels between 0.6-0.8, 2.5 mL of the bacterial suspension was added to 250
mL LB broth containing 250 pL ampicillin. The bacterial suspension was then
incubated at 37°C O/N on a shaker. The next day, the bacterial suspension was
centrifuged at 5000 xg for 30 min at 4°C in a Thermo Fisher Sorvall RCG+. After
centrifugation, the supernatant was discarded and the pellets were suspended with
the buffer supplied by the kit. For plasmid isolation we followed the Maxiprep
(Macherey-Nagel, #740414) kit’s instructions. After isolation, the plasmid pellet was
resuspended in dH,0 and the DNA concentration was measured using a Nanodrop

1000.

3.5.2. Lentiviral Vector Production

For production of viral vector particles, we used the HEK293T packaging cell
line (kindly provided by Dr. Niek van Til, Utrecht University Medical Center, The
Netherlands). Cells were cultured in IMDM (Gibco, #12440) with 10% FBS and 1% P/S.
For vector production, we used the PGK-RAB27Aco, UCOE-RAB27Aco and SF-
RAB27Aco plasmids and a calcium transfection kit (Takara bio, #631312). On day 1,
HEK293T cells were grown with DMEM/Glutamax, 10% FCS and 1% P/S medium.
Confluent T-175 flasks of HEK293T cells were split into 5 separate 145 mm dishes,
each containing 18 mL of medium. On day 2, the plasmid mix was prepared (Table
3.11) and stored at -80°C for 4-5 hrs. Four hours before the transfection the HEK293T
culture media were changed. After that, the plasmid mixture was spun down at 4°C
at maximum xg for 30 min.

The supernatant was discarded and the pellet was washed with 500 pL 70%
ethanol and then spun down at 4°C at maximum xg for 5 min. The pellet was dissolved
in 875 pL water and 125 pL calcium chloride solution per plate. The mixture was

vortexed and incubated for 10 min.
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Lastly, 1 mL of 2x HEPES was added while bubbling the pellet mixture. The
mixture was then transferred to the HEK293T culture plates and incubated at 37°C,

5% CO,.

Table 3.11. Plasmid mixture components.

Vectors plasmid (ug)

Transfer vector with RAB27A 20 pug

pMD2-VSV.g (invitrogen #PF532) 7 ug

pMDLg/p-RRE (invitrogen #PF531) 13 ug

PRSV-REV (invitrogen #PF530) 5ug

Sodium acetate 10% of the total volume
100% Ethanol x2,5 of the total volume

After 16 hrs of transfection, media were refreshed. Twenty four hours later the
viral vector-containing culture supernatants were collected and filtered using 0,45 um
filters to prevent the inadvertent presence of vector-producing HEK293T cells in the
supernatant. After filtration, (for reference purposes) some of the unconcentrated
virus was aliquoted, frozen and stored at -80°C, whereas the remaining volume was
concentrated using an ultracentrifuge (Beckman Coulter, #326823) with SW32 rotors
at 20.000 rpm for 2 h at 4°C. The viral pellet was resuspended with 250 pL PBS and
aliquoted at 25 pl/vial. Vials were frozen at -80°C. The medium of the transfected
HEK293T cells was refreshed and the next day the viral supernatant was collected and
processed, as described above. After collection of day 2 viral supernatants, the

transfected HEK293T cells were inactivated and discarded.

3.5.3. Virus Titration and RAB27A Staining

Viral vectors were titrated using Hela cell lines (kindly provided by Prof. Dr.
Gerard Wagemaker, Erasmus University Rotterdam, The Netherlands). Hela cells were
cultured in complete medium (CM), consisting of DMEM-LG (DMEM+Glutamax, Life
Technologies, #31966), 10% FBS-HI (Life Technologies, #10270) and %1 P/S.
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Hela cells were plated at 200.000 cells/well in 6 well plates and 5 uL, 50 uL
and 500 pL of 1:100 diluted concentrated viral vectors were added to the cells. After

4 days, cells were collected and stained with anti-RAB27A antibodies.

3.6. Transplantation assays
3.6.1. Animals

Mouse studies were carried out at the Hacettepe University Laboratory
Animals Research and Application Center after approval of the experimental
procedures by the Hacettepe University Animal Experiments Ethical Committee
(2020/02-03). BALB/c-Rag2”- (Rag2) mice were kindly provided by Prof. Dr. Gerard
Wagemaker (Erasmus University Medical Center, Rotterdam, The Netherlands) (125).
Healthy Balb/c mice were purchased from the Ankara University Experimental Animal
Research Laboratory. Animals were allowed free access to irradiated chow. All animals
were euthanized at the termination of the experiment by light sedation followed by

cervical dislocation.
3.6.2. Transplantation of RAB27A+ MSCs in Rag2 mice

Healthy donor MSCs were transduced with LV-SF-RAB27A-IRES-GFP viral
vectors for 24 hours at and MOI of 20. RAB27A expression was measured in MSCs and
remaining transduced cells were cultured and 1x10° cells were injected with Matrigel
(Corning, #354234) into Rag2 mice subcutaneously to intrascapular region (n=6).
1x10° healthy control MSCs were injected into the control mice (n=3). Mice were
followed up to 3 months after injection. Upon sacrifice, tissues surrounding the
injection site and lungs (which are the primary site for metastatic behavior after
transplantation of tumorigenic cells in immune deficient mice) (165) were collected

and assessed for any signs of tumor formation. PB cells were used for FACS analysis.
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3.6.3. Transplantation of RAB27A+ human and murine HSCs in Rag2 mice

Overexpression of RAB27A was obtained by overnight lentiviral transduction
of CD34+ and CD117+ cells with LV-SF-RAB27A-IRES-GFP at an MOI of 30. RAB27A
overexpressing CD34+ HSPCs (n=3) and CD117+ (n=3) were injected intravenously at
a concentration of 1,2x10° CD34+ HSPCs or 3x10* CD117+ cells, respectively, into Rag2
mice pretreated with 25 mg/kg Busulfan intraperitoneal (i.p.) 24 hours prior to
transplantation. Non-transduced human CD34+ (n=3) and murine CD117+ (n=3) cells
were injected in control mice. Mice were observed for 6 months after transplantation.
Upon sacrifice, spleen (SPL), peripheral blood (PB) and bone marrow (BM) cells were
collected and assessed for the presence of RAB27A expressing cells, overall

engraftment of hematopoietic cells and signs of leukemia (Table 3.12).

3.6.4. Histological analysis

For histological analysis, tissue samples surrounding the injection sites were obtained
upon sacrifice of transplanted and healthy control mice. In addition, whole lungs were
collected, since these are often the primary metastatic sites of malignant cells after

transplantation in the intrascapular subcutaneous region (165).

Table 3.12. Antibodies used for assessment of immune reconstitution

Antibody and conjugate Brand (catalog nr.)
human CD34-APC Biolegend (343510)
human CD38-PE Biolegend (303506)
human CD3-APC BioLegend (344812)
human CD19-PE BD Pharmingen (555413)
human CD45-APC BD Pharmingen (555485)
human RAB27A Invitrogen (PA5-79904)
mouse c-kit-APC BioLegend (135108)
mouse Sca-1-PE BD Bioscience (553108)
mouse CD3-APC BioLegend (100236)
mouse CD19-PE BioLegend (115508)
mouse CD45-FITC BioLegend (103108)
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All samples were fixed in 10% phosphate-buffered formaldehyde solution
dehydrated through a graded series of ethanol and cleared in Xylene in an automated
tissue processor (TP1020, Leica, Germany). Paraffin-embedded samples (LG1150H-C,
Leica, Germany) were cut into 3 um thick microtome (SM2000R, Leica, Germany)
sections, deparaffinized at 60°C overnight and stained with Hematoxylin/Eosin (H&E).
Samples were assessed for the presence of MSCs or any pathological signs related to
the transplantation (i.e., infections, signs of inflammation, tumor growth, aberrant
cell differentiation, etc.) using a bright field microscope (DM6B, Leica, Germany) and

analyzed using the attached image analysis program (LASX, Leica, Germany).

3.7. Statistics

Student T-test analysis was performed to determine statistical significance (p-
value <0,05) for differences between two groups. qRT-PCR analysis was done as
described above. All calculations were performed using the Microsoft Excel

spreadsheet program.

3.8. Summary of methods

A schematic overview of the methods used is given below (Figure 3.4).
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Figure 3.4. Overview of methods used in this thesis. GS-2 patient derived MSCs and
iPSCs were subjected to gene editing using CRISPR/Cas and gene
correction and editing efficiency were assessed using sequencing
techniques. Three different lentiviral constructs carrying the codon-
optimized RAB27Aco transgene under the control of a PGK, UCOE and SF
promoter were subcloned into existing backbones and tested for efficacy
of RAB27A gene expression in GS-2 MSCs and iPSCs. Healthy donor MSCs
and HSCs were transduced with LV-SF-RAB27Aco and tumorigenic activity
was assessed after transplantation in immune deficient RAG2 KO mice.
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4. RESULTS
4.1. Optimization of stem cell culture and cryopreservation conditions
4.1.1. Maintenance of GS-2 MSC cultures

Here we characterized and reprogrammed MSCs from a GS-2 patient (AB) and
his related donor (ARB). AB and ARB were sequenced to define their mutations
(shown in the material method) and were shown to have a homozygous and
heterozygous mutation in exon 5 of the RAB27A gene, respectively. Although MSCs
from all patients/donors were easily cultured and overall morphology appeared to be
the same (Figure 4.1). No significant differences were observed in adipogenic and
osteogenic differentiation capacities of the GS-2 patients AB and the carrier ARB
(Figure 4.2), since the sample number of the groups was too low. However, especially
GS-2 MSCs with the homozygous RAB27A mutation appeared to display lower than
average osteogenic differentiation.

YF (exon 3) P2

YKG (exon 3) P2 iK (exon 7) P2

AB (exon 5) P4 ARB (carrier) P4 SK healthy donor P5

Figure 4.1. GS-2 patient and healthy donor-derived MSC morphology. MSCs from the
RAB27A-/- GS-2 patients (YF, YKC, IK, AB), a heterozygous RAB27A
mutation carrier (RAB27A+/-) (ARB) and healthy RAB27A+/+ donor (SK)
showed overall similar morphology (4x).



50

Differentiation capacity of BM-MSCs
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Figure 4.2. Differentiation of healthy donor, GS-2 and carrier MSCs. Upper panel:
Adipogenic differentiation of healthy donor (SK), GS-2 patient (AB) and his
carrier donor (ARB) derived MSCs after 21 days. Lower panel: SK, AB and
ARB BM-MSCs were exposed to adipogenic or osteogenic differentiation
media for 7 days and gene expression of SCD (early adipogenic marker),
PPARG (late adipogenic marker), ALPL (early osteogenic marker) and
RUNX2 (late osteogenic marker) was measured using qRT-PCR.

4.1.1. Optimization of iPSC cultures

GS-2 iPSCs were thawed from -80°C and plated in 6-well culture dishes coated
with Matrigel. During the first 24 hours of culture, ROCK inhibitor (Ri, Y27632) was
added to commercially available iPS Brew XF+supplement medium (Miltenyi) and
cells were cultured at 37°C with 5% CO>. In contrast to MSC cultures, daily medium
changes are required for the survival and maintenance of iPSCs to sustain their

undifferentiated state.
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In addition, storage of iPSCs for prolonged times at -80°C resulted in the loss
of several of the iPSC lines that we created previously. We therefore sought out
alternative culture and freezing conditions to support iPSC growth and survival in the
absence of uncontrolled differentiation. We found that different cell freezing and
thawing procedures directly affect the cells’ colony formation, proliferative and
differentiation capacities. Especially, when iPSCs were stored for prolonged periods
of time at -80°C, these cells showed increased cell death after thawing, visible as
centers of necrosis in the middle of the iPSC colonies, as well as uncontrollable

(irrepressible) spontaneous differentiation (Figure 4.3).

2.0 mm

Figure4.3.  GS-2 (YF/A1A3/P11) iPSC culture. After thawing iPSCs stored at -80°C
displayed increased cell death and adherent colonies showed spontaneous
differentiation.

To prevent proliferation and uncontrollable differentiation of the GS-2 iPSC
lines, cells were cultured in presence of iPS-Brew XF from Miltenyi, TeSR-E8 or mTeSR
Plus media, both from Stem Cell Technologies (Figure 4.4). The mTeSR Plus medium,
which was modified from mTESR-1 medium by using more stable essential medium
components, such as bFGF, and improved pH buffering, was designed to maintain
optimal cell quality and increase cell expansion rates with restricted feeding
protocols, allowing every other day medium changes instead of daily medium
changes (166). When we compared this culture medium with iPS-Brew XF and TeSR-
E8, we found that TeSR Plus provides the best maintenance of GS-2 iPSCs in terms of
survival and proliferation, while preventing spontaneous and uncontrollable

differentiation and therefore this medium was used in following cultures.
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Figure 4.4. Effect of different culture media on iPSC culture. A) Extensive
spontaneous differentiation is observed in cells cultured with iPS Brew; B)
Cells cultured with TeSR-E8 support short-lived cultures, but
differentiation is seen in long-term cultures; C) mTeSR-Plus medium
supports long-term culture without differentiation.

4.1.2. Assessment of iPSC medium efficiency during reprogramming

To compare the effects of different iPSC media and cell concentration on
reprogramming efficiency, we reprogrammed GS-2 patient AB-derived MSCs in the
presence of different culture media. In contrast to the results above, we found that
under these conditions iPS Brew XF+supplement showed the support of
reprogramming with the highest efficiency: where no iPSC colonies were formed in
wells maintained in E8, robust colony formation was seen in presence of iPS Brew XF
+ supplement. Both conditions using 12.500 cells and 25.000 cells showed a similar
efficiency of reprogramming (Figure 4.5).

After initial colonies were seen in wells from AB cultures with iPS Brew using
12.500 cells for reprogramming cells, the morphologically best colonies were picked
(Figure 4.6) and transferred to a Matrigel-coated 12-well plate for expansion. Using
the continued colony picking method, colonies were cleared from differentiating and
non-iPS cells until pure non-differentiated iPSC clones were formed. Among these
clones, AB/#2 and AB/#4 iPSCs were chosen for further experiments and
characterized with gRT-PCR (Figure 4.7). Both clones showed increased expression of

the pluripotency markers OCT3/4, SOX2 and NANOG.
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Figure 4.5. Effects of different culture media on reprogramming efficiency. AB/P1/GS-
2 MSCs were seeded at different concentrations (12.500 and 25.000) onto
12-well plates and reprogrammed using LV-OSKM viral vectors. After a
week, cells were transferred to a fresh Matrigel-coated 6 well plate and
reprogramming of the cells were observed for 21 days. Upper panel: TeSR-
E8, Lower panel: iPS Brew XF
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Figure 4.6. Colony growth after reprogramming. X: proper colony size, *: small colony
size.

Pluripotency gene expression
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Healthy donor AB #2 P7 AB #4 P18

2°ddcCt

mOCT3/4 = SOX2 mNANOG

Figure 4.7. GS-2 iPSCs (AB) after reprogramming with LV-OSKM. Upper panel: AB iPSC
clones (#1-4 and #6) light microscopy photographs (4X) and fluorescence
microscopy for expression of dTom (#3). Lower panel: Clones #2 and #4
were assessed for expression of the pluripotency genes OCT3/4, SOX2 and
NANOG and compared with healthy donor MSCs. Data are shown as mean
+ standard deviation of technical replicates.
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4.1.3. Optimization of iPSC cryopreservation

Breaking up of the iPSC colonies into single cells resulted in decreased cellular
viability after thawing with lower plating efficiency in comparison to iPSCs frozen as

aggregates (Figure 4.8).

Freezing in aggregates Freezing as single cells

)t\, < " < P A : o o 4
Figure 4.8. Morphology of iPSCs after freezing and thawing as aggregates or as single
cells. iPSCs were thawed and plated in TeSR-E8 medium. Left: Cells frozen
as aggregates show a healthier morphology and rapidly form colonies in
culture. Right: Cells frozen as single cells do not recover from the
freezing/thawing procedure.

Our results show that decreasing the concentration of DMSO from 10% to 5%
is not associated with significant cell death or decreased colony formation and could
therefore be used in subsequent studies. We found in our experiments that addition
of Ri always supported better survival after thawing and that DMSO levels could be
easily reduced to 5%, but extra additives, such as the antioxidants SUL-109 or RES in
addition to Ri did not further improve colony formation or cell survival of iPSCs. Based
on these data we recommend the use of 5% DMSO with Ri and freezing in aggregates

as the best protocol to cryopreserve iPSCs.
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4.2. Use of CRISPR/Cas9 to correct RAB27A mutations in MSCs and iPSCs
4.2.1 Assessment of RAB27A expression by GS-2 MSCs and iPSCs

The healthy donor and GS-2 MSCs and iPSCs used in this study were
characterized in detail before and the presence of RAB27A mutations were confirmed
using sequencing of the gene (84). iPSC clones generated from the GS-2 MSCs showed
the same RAB27A mutations and were thus confirmed to be representative cell lines
of GS-2. We did not observe differences in morphology or proliferation of GS-2 MSCs
and iPSCs in comparison to healthy donor MSCs and iPSCs (Figure 4.9).

~ YF GS-2MSC

Donor MSC IK GS-2 MSC

Figure 4.9. Morphology of healthy donor and GS-2 patient-derived MSCs and iPSCs.
Light microscope pictures of donor and GS-2 MSC cultures (upper lane)
and their iPSCs (lower lane). MSCs show typical fibroblast shapes,
whereas iPSCs grow in distinct colonies.

Since RAB27A protein and gene expression levels in these cells were not
previously assessed, we measured baseline protein expression levels by Western Blot
and immune fluorescence (Figure 4.10.A) and gene expression levels of RAB27A in
healthy donor and GS-2 MSCs (Figure 4.11.B). RAB27A protein expression in healthy
donor MSCs was found to be relatively low in comparison to the positive control cell
line K562, but expression was completely absent in MSCs samples of the two GS-2

patients (iK and YF).
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After confirmation of expression of the OCT4, SOX2 and NANOG pluripotency
genes in our GS-2 iPSCs, we then assessed gene expression of RAB27A and found
complete absence of RAB27A expression in both GS-2 patient-derived iPSC clones

(Figure 4.11).

A Western Blot for RAB27A protein expression
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Figure 4.10. RAB27A expression in healthy donor and GS-2 MSCs. A) RAB27A protein
expression in healthy and GS-2 donor MSCs by Western Blots. Positive
control: K562. B) Healthy donor and GS-2 MSCs were stained with anti-
GAPDH or anti-RAB27A. Nuclei were counterstained with DAPI.
Photographs were taken with an inverted microscope (Olympus LS, 1X73)
and analyzed using Imagel software (NIH, Java, 2022).
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Figure 4.11. RAB27A expression by donor or GS-2 MSCs and iPSCs. A) Donor and GS-
2 patient-derived MSCs were stained for RAB27A expression using flow
cytometry. B) RAB27A gene expression in GS-2 MSCs from two donors (iK
and YF) and GS-2 iPSCs were calculated relative to RAB27A expression in
healthy donor MSCs. C) GS-2 iPSC expression of pluripotency genes was
confirmed for OCT4, SOX2 and NANOG.
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4.2.2. gRNA and donor DNA design and assessment of genome targeting

efficiency

For each patient (YF: exon 3; c.148-149delAGinsC and IK: exon 7; c.514-
518delCAAGC), we designed 3 different mutation-specific gRNAs (Table 3.8 in the
material & methods section). We used the CHOPCHOP online tool to design all gRNAs
using annotation of the GS-2 mutations on the RAB27A DNA coding sequence (Figure
4.12). We then tested the genome targeting efficiency of the 3 selected gRNAs for
each exon using the T7 endonuclease assay. Using the gel analyzer software, we found
the highest efficiency with gRNA 3.3 (10% efficiency) and gRNA 7.3 (27% efficiency).
Based on these data we used the HDR donor DNA sequences as shown in Table 3.9

above in materials and methods.

4.2.3. Transfection of the RNP complex and donor DNA into MSCs and iPSCs

We then proceeded to test the efficiency of the homology-directed repair
(HDR) on GS-2 patient-derived MSCs using the designed RNP complexes or DMSO
controls. Cells were allowed to recover for two days after transfection and then used
for DNA mutation analysis. Despite good results with the gRNAs designed to correct
exon 3 in the T7 endonuclease assay, we found no correction of exon 3 after HDR
(Figure 4.13.A). Although HDR was observed in some of the cells with mutations in
exon 7, a considerable fraction of cells obtained deletions in the gene (Figure 4.13.B).
After optimization of the procedures with different donor DNA concentrations, we
then decided to test HDR efficacy on GS-2 iPSCs. Sequencing analysis revealed the
presence of HDR in a minority of the transfected cells only (Figure 4.13.C). After
transfection, the iPSCs were cultured for 2 days, but despite the addition of ROCK
inhibitor (Ri), massive iPSC cell death, decreased colony formation and spontaneous

differentiation were observed (Figure 4.13.D).
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Figure 4.12. Design of gRNAs and testing of genome targeting efficiency. A) To design
gRNAs, the coding sequence of RAB27A was annotated with patient
mutations and then uploaded to the CHOPCHOP online tool (167). The
best-ranking sequences near or on the targeted mutation sites for
RAB27A exon 3 (left) and RAB27A exon 7 (right) were selected. B)
Genome targeting efficiency of different gRNAs. The genome targeting
efficiency of the designed gRNAs (3.2, 3.3 and 3.5 forexon 3and 7.1, 7.2
and 7.3 for exon 7) was tested using the T7 Endonuclease assay. Upper
panel: DNA of gRNA-transfected cells was controlled with PCR; Lower
panel: The PCR products were loaded onto a 2% agarose gel to detect
gRNA efficiency after the addition of T7 Endonuclease. All tests were run
in duplicate. Genome targeting efficiency was the highest with gRNA 3.3
and 7.3 (as shown by the red rectangles in the lower panel).
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Figure 4.13. Mutation analysis of GS-2 MSCs after transfection. MSCs from two
different GS-2 patients (YF: exon 3 delAGinsC; iK: exon 7 delCAAGC) were
transfected and cultured for two days. Mixed cell populations from a
single well were collected for DNA analysis. Sequencing analysis
revealed the absence of HDR in exon 3 (A), but the presence of HDR in
up to 50% of the cells with exon 7 mutations (B). Transfection of GS-2
iPSCs with the RAB27A exon 3 mutation results in low HDR efficacy (C)
and loss of viability and spontaneous differentiation (D).
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4.3. Design and testing of RAB27Aco expressing lentiviral vectors
4.3.1. Subcloning of RAB27Aco under the control of different promoters

The coding sequence of the RAB27A gene is 666 base pairs long. In order to
allow optimal expression of the gene as well as a transgene size that is optimal for
packaging into a lentiviral vector, we performed codon optimization. Codon
optimization of the RAB27A gene (RAB27Aco) further enhances effective protein
expression from the transgene plasmid. In addition, a Kozak nucleic acid motif
consensus sequence, which serves as an initiation site for protein translation of mRNA
transcripts, was added to the transgene 5’ end, and the TGA stop codon was added
to the 3’ end (see Supplement 8). The RAB27Aco sequence was then cloned under
the control of a PGK promoter, which allows constitutively active expressing at
physiological levels in most tissues (Figure 4.14.A). RAB27Aco cloning process was
performed using Notl and EcoRI restriction enzymes, which cut the plasmid with a

sticky end, resulting in optimal ligation (Figure 4.14.B).

A Sphi (38) L Maxi Notl EcoRl GS Notl EcoRl L
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Figure 4.14. Plasmid map of PGK-RAB27co after cloning. A) PGK-RAB27Aco plasmid
map using GenScript, B) DNA fragments after plasmid transformation of
RAB27Aco and correction of the cloning process. EcoRl cuts the plasmid
into 3 pieces, whereas Notl cuts it in 2 pieces.
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RAB27Aco was also cloned under the control of a UCOE promoter using the
UCOE-RAG2co plasmid, which was designed by Dr. Niek van TIL (125) (Figure 4.15.A-
B). Both plasmids were cut with Agel-HF and Sbfl-HF restriction enzymes, which cut
the plasmid at the one site with a sticky end. After cutting the plasmids, the size of
the pieces was 6.7 kb for the PGK backbone, 0.7 kb for RAB27Aco, 8.8 kb for the UCOE
backbone, and 1.6 kb for RAG2co. Based on fragment size, the UCOE backbone and
RAB27Aco transgene were cut from the gel (Figure 4.15.C) and ligated (Figure 4.15.D).
The ligated plasmid was mixed with 6X loading dye and was plasmid sizes were
checked using electrophoresis on a 0.8% agarose gel. The original UCOE-RAG2co, PGK-
RAB27Aco, and the ligated UCOE-RAB27Aco plasmids (oldl, newl, new2) were
analyzed using different restriction enzymes, using Nsil for a single cut into the UCOE
promoter sequence and Sbfl to cut a single site of the plasmid sequence (Figure
4.15.E), resulting into fragments of respectively 6.4 kb and 3.1 kb in length. The
corrected plasmids were then expressed into transformed Stbl3-competent bacteria
and isolated using mini/maxiprep.

Next, RAB27Aco was cloned under the control SFFV promoter using SFFV-
ANGPTL3-IRES-iG2 as a backbone and the PGK-RAB27Aco as the insert plasmids
(Figure 4.16.A-B). Both plasmids were cut with BamHI and Notl restriction enzymes
to get a sticky end for the insert sequence. After cutting the plasmids the size of the
pieces was 6.7 kb for the PGK backbone, 0.7 kb for RAB27Aco, 8.8 kb for the SFFV
backbone, and 1.3 kb for ANGPTL3 (Figure 4.16.C-D). The ligated RAB27Aco-IRES-iG2

plasmid was transformed into the competent bacteria and plasmids were isolated.

4.3.3. RAB27Aco lentiviral (LV) vector production and titration

Several batches of PGK-RAB27Aco, UCOE-RAB27Aco, and SFFV-RAB27Aco-
IRES-GFP LV vectors were produced after packaging into HEK293T cells, and titers
were calculated using the PGK-GFP plasmid as a (Figure 4.17).
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Figure 4.15. Cloning of RAB27Aco under the UCOE promoter and confirmation of the
plasmids. A) The original UCOE-RAG2co plasmid map, B) RAB27Aco
plasmid cloned under control of the UCOE promoter, C) PGK-RAB27Aco
and UCOE-RAB27Aco plasmids after digestion with with Agel and Sbfl
restriction enzymes (the image was taken after the bands were cut out of
the agarose gel, as visible by the black holes), D) Confirmation of correct
ligation of the UCOE backbone and RAB27Aco fragments (old1, newl and
new2), E) Control of the UCOE-RAB27Aco plasmid sequence with Nsil and
Sbfl restriction enzymes.
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Figure 4.16. Cloning of SFFV-RAB27Aco-IRES-iG2. A) LeGO-ANGPTL3-IRES-iG2
backbone plasmid. B) Cloned SFFV-RAB27Aco-IRES-iG2 plasmid. C-D)
Backbone and insert plasmids after digestion with BamHI and Notl
restriction enzymes.
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Figure 4.17. Titration of the PGK-GFP transfer plasmid. PGK-GFP LV vector
supernatant was concentrated and then titrated using the Jurkat cell
line. Serial dilutions left: 5 pL, middle: 50 pL, right: 500 pL of the
concentrated viral vector were added onto cells. After 4 days of
transduction, GFP percentages were assessed using flow cytometry.
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4.3.4. Lentiviral transduction of MSCs

Concentrated viral vector batches of PGK-RAB27Aco, UCOE-RAB27Aco, SFFV-
RAB27Aco-GFP and PGK-GFP LV vectors were used for transduction of IK/GS-2 MSC,
YF/GS-2 MSC and YKG/GS-2 MSC patient samples in a 6-well plate at different MOls
(20, 30, 100). Cells were transduced overnight and then collected for flow cytometric
analysis. After flow cytometry analysis, dim and highly positive populations were
identified in GS-2 patient cells transduced with RAB27A, most likely indicating the
presence of cells with single or multiple copies of vector integrations per cell (Figure

4.18).

MOI:10 MOI:30 MOI:100
o
o
<
~
o
)
<
o
»
O
ﬂ. o
A%
SR
o
(¥}
<
~
o
)
<
I~
W
o
O
=]
a
'S
Q
N
P12 P13
4 544%. 251%
|
[ R |
e L 3 oy
«""-.-:{Sg%#'{ :
3N C |

Figure 4.18. GFP expression after transduction with LV-PGK-GFP, PGK-RAB27Aco and
UCOE-RAB27Aco of GS-2 MSCs. LV-PGK-RAB27Aco and LV-UCOE-
RAB27Aco viral supernatants were added to GS-2 MSCs at an MOI of 10.
RAB27A expression was assessed using flow cytometry. Expression of
RAB27A increased with MOI resulting in more than 1 integration per cell,
affecting overall RAB27A protein expression. The PGK promoter showed
a 0.5 log higher transduction efficiency than the UCOE promoter.
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After transduction we found a GFP positivity rate of 30% after use of the LV-PGK-
RAB27Aco vector and 28% after use of the LV-UCOE-RAB27Aco vector. Higher MOI
resulted in increased RAB27A expression with 53.7% RAB27A expression after
transduction with PGK-RAB27A at MOI=30 and 71.8% at MOI=100; similarly, we found
23.7% positivity for RAB27A after transduction with UCOE-RAB27A at MOI=30 and
61.1% positivity at MOI=100. Control wells transduced with LV-PGK-GFP showed
54.4% GFP at MOI=30, but a decreased GFP expression (25.1%) at MOI=100. Western
blot, immunofluorescence labeling, and qRT-PCR were used to confirm transduction
(Figure 4.19). The PGK promoter provided higher RAB27A gene and protein
expression compared to the UCOE promoter. Similarly, we found that RAB27A gene
expression was higher when the PGK promoter was sure compared to UCOE
promoter. Transduction efficiency of UCOE never reached PGK levels, despite a rise in

transduction efficiency with increasing MOI.

A RAB27A expression after LV transduction C

1,00E+04

[

1,00E+03 ik

PGK-GFP MOI:30

1,00E+02

2A-ddCT

1,00E+01
1,00E+00 I I

1,00E-01
GFP MOI30 GFPMOI PGKRAB PGKRAB UCOERAB UCOERAB
100 MOI 30 MOI 100 MOI 30 MOI 100

PGK-GFP MOI:100

MOI:30 MOI:100

B PGK-RABco  UCOE-RABco PGK-GFP PGK-RABco UCOE-RABco PGK-GFP Healthy MSC

GAPDH —— m e e Lo e
v -
R
Figure 4.19. RAB27Aco expression after LV vector transduction in different promoters.

LV-PGK-GFP, PGK-RAB27Aco and UCOE-RAB27Aco of GS-2 MSCs at an
MOI:30 and MOI:100. GAPDH: 36 kDa, RAB27A: 25 kDa.




68

Overall, overexpression of RAB27A in GS-2 MSCs was achieved with both the UCOE
and PGK promoters, while the effects of PGK were more pronounced. Using codon-
optimized PGK-RAB27Aco and UCOE-RAB27Aco LV vector design, RAB27A gene and

protein expression were successfully achieved in GS-2 MSCs.

4.3.5. Lentiviral transduction of iPSCs

GS-2 iPSCs were transduced with LV-PGK-RAB27Aco and the increase in
RAB27A gene expression was confirmed with both gRT-PCR and flow cytometry
(Figure 4.20). We found that PGK-RAB27Aco at MOI:30 provides a robust RAB27A

expression in both MSCs and iPSCs.

Expression of RAB27Aco GS-2 iPSCs (MOI:30)
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Figure 4.20. RAB27Aco expression in GS-2 iPSCs after LV vector transduction. Two
different GS-2 iPSC clones were transduced at MOI:30 with LV-PGK-
RAB27Aco. Expression of RAB27Aco was measured 24 hours after
transduction.

4.3.6. Hematopoietic differentiation of iPSCs

Firstly, we optimized hematopoietic differentiation from iPSCs using donor
cells by comparing differentiation efficiency of the iPSCs after plating on Matrigel-
coated plates or confluent Op9 cell layers. Since we found increased numbers of
CD34+ cells in cultures in the presence of Op9, we used these conditions in

subsequent experiments (Figure 4.21).
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Figure 4.21. Optimization of hematopoietic differentiation. Healthy donor and GS-2
iPSCs were differentiated towards hematopoietic lineage in the
presence of Matrigel-coated plates or confluent Op9 cell layers. Upper
panel: Hematopoietic islet formation on Matrigel or Op9 cell layers.
Middle panel: Comparison of hematopoietic differentiation on Matrigel
and Op9 cells on day 3, 7 and 12. Lower panel: Expression of CD34 HSC
and CD38 mature cell markers after 12 days of differentiation.
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After differentiation, we compared the differentiation capacity of the original
GS-2 iPSCs with RAB27A transduced GS-2 iPSCs. Differentiation capacity of the
transduced, RAB27A expressing and non-transduced RAB27A- iPSCs was comparable
in terms of surface marker expression. However, hematopoietic colonies were larger
in size and showed a healthier appearance before transduction than after
transduction. Interestingly, although colonies were smaller in size after transduction,

their total colony numbers increased (Figure 4.22).
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Figure 4.22. Hematopoietic differentiation of GS-2 iPSCs and PGK-RAB27Aco
transduced GS-2 iPSCs. Upper panel: Analysis of expression of the
hematopoietic markers CD34, CD38, CD43 and CD45 in GS-2 iPSCs before
and after transduction with LV-PGK-RAB27Aco. Lower panel: After 12 days
of hematopoietic differentiation, we assessed the colony formation of
HSCs from the GS-2 and RAB27A transduced GS-2 iPSCs. Whereas the
colony number after transduction was higher in both transduced GS-2
iPSC clones, colony size was larger in the GS-2 iPSC derived cells.
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4.4. Assessment of potential risks related to overexpression of RAB27A

4.4.1. Assessment of RAB27A expression in cell lines and primary cells

To assess the effect of RAB27A overexpression, we first wanted to identify cells
with a relatively low endogenous RAB27A expression level. We therefore measured
basic (endogenous) RAB27A protein expression levels in different stem cell types and
cell lines, including three different leukemic cell lines (Daudi, HL60 and Jurkat) and
one non-tumorigenic human embryonic kidney HEK293T cell line (Figure 4.23).
Jurkat's, HL-60 and Daudi cell lines were used to test whether the RAB27A antibody
worked. Cells were intracellularly stained as described in the methods section above.
1x10° cells were taken into the tube from each cell line. Cells were unstained to
determine negative and were stained with primary antibodies to determine false
positivity and with both primary and secondary antibodies to determine positivity.
After staining, RAB27A expression in the cells was determined by reading on the flow
cytometry device. To check whether the RAB27A antibody worked, Jurkat's with high
positive RAB27A expression, medium positive HL-60 and low positive Daudi cell lines
were used. Cells were intracellularly stained as described in the methods section
above. 1x10° cells were taken into the tube from each cell line. Cells were unstained
to determine negative and were stained with primary antibody to determine false
positivity and with both primary and secondary antibodies to determine positivity.
After staining, RAB27A expression in the cells was determined by reading on the flow
cytometry device (Figure 4.23). RAB27A protein expression was found to be the
highest in the HEK293T cells, whereas expression of RAB27A in the leukemic cell lines
was highly variable, ranging from almost 20 to 90% expression. In contrast, the basic
endogenous expression of RAB27A in both MSCs and HSPCs samples was found to be

considerably lower (<20%).
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Figure 4.23. Endogenous RAB27A protein expression in different cell lines. RAB27A
was determined using flow cytometry in three different leukemic cell
lines (Daudi, HL60 and Jurkat) and the healthy human embryonic kidney
cell line (HEK293T). All cell lines showed high but variable levels of
RAB27A expression.

4.4.2. Overexpression of RAB27A in MSCs and HSPCs may interfere with

stem cell function

Based on their relatively modest endogenous RAB27A expression levels (in
comparison to cancer cell lines and other tissues), we decided to use these stem cells
for the overexpression assays. We therefore used healthy donor BM-MSCs, human
UCB CD34+ HSPCs and murine BM CD117+ HSPCs. Passage 3 MSCs expressed high
levels of the MSC-specific markers CD29, CD44, CD73, CD90, CD105 and CD166
(all>95%) and showed differentiation into adipogenic and osteogenic lineage (Figure
4.24). RAB27A protein and gene expression levels, as well as differentiation capacity,
were assessed for MSCs before and 24 hours after transduction. Overnight lentiviral
transduction resulted in a rapid increase in RAB27A expression (Figure 4.25.A).
However, overexpression of RAB27A resulted in an overall decrease in expression of
typical MSC adherence markers, including CD29 (68,6%), CD44 (92,6%) and CD105
(18,4%) and complete loss of expression of the MSC stem cell markers CD73, CD90,
CD166, but did not affect adipogenic and osteogenic differentiation capacity of
RAB27A+ MSCs (Figure 4.25.B), indicating possible interference of RAB27A with MSC

stemness/function, but not adherence or viability.
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Figure 4.24. Characterization of healthy donor BM-MSCs. For transduction and
transplantation experiments healthy donor bone marrow-derived
mesenchymal stem cells (MSCs) were used. The MSCs were
characterized at passage 3 and used for immunophenotyping (A) and
differentiation assays (B). The cells displayed high expression of typical
MSC markers, including CD29, CD44, CD73, CD90, CD105 and CD166.
Differentiation assays were performed for adipogenic and osteogenic
lineages. After 21 days of differentiation cells were stained with Oil Red
O (ORO) or Alizarin Red S (ARS) and compared with unstained control
wells. After confirmation of immunophenotype and differentiation
potential, the MSCs from this donor were used in further experiments.

Next, we assessed RAB27A levels in human UCB CD34+ and murine BM
CD117+ HSPCs. Similar to MSCs, we found low level endogenous expression of

RAB27A, which rapidly increased after transduction (Figure 4.26).
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Figure 4.25. RAB27A expression in MSCs before and after transduction. Healthy donor

BM-MSCs were transduced overnight with LV-RAB27Aco. (A) Expression
of RAB27A in MSCs before and after transduction was confirmed using
flow cytometry (upper left), RT-gPCR (upper right), immunofluorescence
microscopy (lower left) and Western Blot (lower right). (B) RAB27A
RAB27A+ MSCs were exposed to differentiation media for 7 days and gene
expression of SCD (early adipogenic marker), PPARG (late adipogenic
marker), ALPL (early osteogenic marker) and RUNX2 (late osteogenic
marker) was measured.
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Figure 4.26. RAB27A expression in human and murine HSPCs before and after

transduction. Healthy donor umbilical cord blood (UCB) derived CD34+
HSPCs and murine bone marrow (BM) CD117+ cells were transduced
overnight with LV-RAB27Aco. Expression of RAB27A in the CD34+ and
CD117+ cells before and after transduction was assessed using flow
cytometry (left) and in CD34+ cells confirmed with RT-gPCR (right).
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Effects of RAB27A overexpression on HSPC function were further assessed by
enumeration and immunophenotyping of the cells after myeloid differentiation
(Figure 4.27.A). Despite a noticeable decrease in colony forming numbers, overall CFU
morphology remained unchanged after the transduction of HSPCs and
overexpression of RAB27A. We observed no lineage bias towards either erythroid or
granulocytic lineage. Flow cytometric assessment of RAB27A transduced HSPCs
before and after myeloid differentiation revealed a normal increase in myeloid-
specific markers (Figure 4.27.B). These data indicate that RAB27A overexpression is
not directly associated with MSC or HSPC toxicity or viability. However, general stem
cell function and/or stemness may be affected by continuous overexpression of the

protein.
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Figure 4.27. RAB27A expression does not affect the differentiation potential of HSPCs.
Myeloid differentiation of CD34+ HSPCs before and after transduction was
assessed using colony forming unit assays. (A) Control and RAB27A
transduced CD34+ HSPCs we assessed for Erythroid (BFU-E) and
Granulocytic/Monocytic  (CFU-GM) colony formation; (B) RAB27A
transduced CD34+ HSPCs were assessed for expression of early HSPC
(CD43 and CD34) and mature myeloid cell markersi.e., CD16, CD33, CD38
and CDA45 before and after differentiation.



76

4.4.3. RAB27A+ MSCs do not cause development of mesenchymal tumors

We then proceeded with subcutaneous transplantation of control (non-
transduced) MSCs or LV-RAB27A-transduced MSCs (RAB27A+ MSCs) in Rag2 mice. To
prevent the cells from direct migration from the injection site, cells were injected in
the presence of Matrigel, which polymerizes when exposed to temperatures of 37°C.
Local inspection of the injection sites did not show any signs of tumorigenic or
immune activity. However, one mouse (HU-R338) from the MSC control group was
found to suffer from considerable dyspnea shortly before sacrifice at 3 months post-
transplantation. Assessment of the peripheral blood smear of this mouse, revealed
widespread blastic infiltration of peripheral blood, indicating the presence of acute
myeloid leukemia (AML), whereas none of the other mice transplanted with MSCs,

either transduced or non-transduced, showed any signs of leukemia (Figure 4.28).
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Figure 4.28. Rag2 mice were transplanted with non-transduced control MSCs (n=3) or
transduced RAB27A+ MSCs (n=3) and followed for 3 months. A: mouse
HU-R338 received control MSCs and showed clinical signs of leukemia
(shortness of breath, failure to thrive), as well as the presence of myeloid
blasts (black arrows) in the peripheral blood smear, highly indicative for
acute myeloid leukemia (AML); B: mouse HU-R440 was transplanted with
the same batch of control MSCs, but lived throughout the experiment
without signs of leukemia or other sequelae; C: mouse HU-R473 received
RAB27A transduced MSCs and showed no signs of any discomfort, nor
abnormalities in its peripheral blood smear. The peripheral blood smears
from HU-R440 and HU-R473 are representative for the other mice in their
groups, no other adverse events were observed in any of the other mice.
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Daily clinical inspection of the mice did not suggest the development of solid
(mesenchymal) tumors and all mice, except for one mouse in the SF-RAB27A treated
group (HU-R490), were sacrificed at the intended period. Although mouse HU-R490
was transplanted with the same batch of RAB27A+ MSCs as the other mice, this
mouse was found dead shortly before the end of the transplantation study.
Macroscopically, no visible signs of tumor tissue or infection were detected, but
clinical inspection of the animal revealed signs of trauma and bite marks around the
tail and back, indicating the mouse had been most likely killed by its litter mates.
Tissues from all other mice were available for histological examination. Detailed
inspection of the tissues excised from the area adjacent to the injection site showed
no signs of aberrant growth or malignant cells, although mononuclear cell infiltrates
were observed in the surrounding loose subcutaneous connective tissue and striated
muscles in mice from both groups (Figure 4.29.A-L). Similarly, inspection of the lung
tissue, as the primary tissue for metastasis in this area, showed the presence of
widespread granulation tissue, characterized by dense cellular infiltrates in the
peribranchial and bronchiolar lung stroma of both mice transplanted with MSCs and

RAB27A+ MSCs, but no evidence of malignant cells (Figure 4.29.M-Y).
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Figure 4.29. Histological assessment of MSC injection sites. Control and RAB27A+
MSCs were transplanted into Rag2 mice. Histological preparates stained
with H/E from the injection site (A-F) control MSCs; (G-L) RAB27A+
MSCs) and lung tissue (M-S) control MSCs; (T-Y) RAB27A+ MSCs) were
assessed for the presence of malignancy or inflammation. Granulation
tissue with mononuclear cell infiltrates was detected in connective
tissue and striated muscles of mice in both groups’ injection sites (A-L).
Lung parenchyma showed healthy alveoli, bronchi and bronchioles.
Peribranchial and bronchiolar lung stroma exhibited cellular infiltrates
(M-Y) without signs of malignant cells. Black arrows indicate the
presence of cellular infiltrates.



79

4.4.4. RAB27A overexpression in HSPCs affects their long-term engraftment

potential

We then proceeded with hematopoietic transplantations in Busulfan pre-
treated Rag2 mice with control or RAB27A-transduced murine BM CD117+ or human
UCB CD34+ HSPCs and followed the mice for 6 months post-transplantation.
Engraftment kinetics in the Rag2 mouse model were followed by assessing circulating
CD3+ T cell and CD19+ B cell numbers in the peripheral blood. Transplantation of
murine CD117+ HSPCs resulted in robust immune recovery, whereas transplantation
of human CD34+ HSPCs resulted in only marginal immune recovery (Figure 4.30.A).
The latter is expected since the Rag2 mouse model is a leaky immune deficient mouse
model with residual NK cell activity and may only allow for relatively low engraftment
in a xenotransplant setting. We found no significant differences in c-kit+ or CD34+ cell
numbers in mice transplanted with control or RAB27A+ HSPCs.

We observed the appearance of considerable numbers of CD3 and CD19 cells
derived from the transplants, especially in the mice transplanted with murine
RAB27A+ CD117+ cells. However, the level of intracellular RAB27A expression in the
peripheral blood, bone marrow and spleen total nucleated cells of these mice was
unexpectedly low at 6 months post-transplantation (Figure 4.31), despite very high
transduction levels before transplantation. These data most likely indicate that the
RAB27A transduced cells may have contributed only marginally to the total
engraftment or alternatively that RAB27A expression has been lost in time. Because
the detection capacity of low protein expression of flow cytometers is limited, we
decided to assess RAB27A gene expression in the BM of mice transplanted with
RAB27A+ CD117+ and CD34+ HSPCs using RT-qPCR (Figure 4.30.B).

Since we used primer sequences designed to detect our codon-optimized
transgene, we cannot measure the presence of physiological RAB27A gene expression
before transplantation. We therefore used the ACt method to assess relative

expression in relation to gapdh, rather than the AACt method.
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Figure 4.30. Assessment of engraftment potential of RAB27A transduced HSPCs. (A)
Control and RAB27A+ human CD34+ and murine CD117+ HSPCs were
transplanted in Rag2 mice. Engraftment was followed by assessing
immune reconstitution in these mice for 6 months, as apparent from the
appearance of murine or human CD3 T cells and CD19 B cells in the
peripheral blood (left). After sacrifice changes in CD117+ and CD34+ cell
numbers in bone marrow (BM) and spleen tissue (SPL) were assessed
(middle). (B) Despite bone marrow (BM) and spleen (SPL) chimerism (as
measured by Sry) RAB27A gene expression in BM of mice transplanted
with RAB27A transduced cells was very low and not detectable in SPL
(right).

Using this method we detected gene expression of codon-optimized human
RAB27A in the bone marrow of the transplanted mice. However, in similar the results
obtained with flow cytometry, the relative expression levels of the RAB27A transgene
were very low. To assess the overall engraftment of male (Sry+) Balb/c derived control
and transduced CD117+ cells in female (Sry-) mice, we measured Sry expression in
BM samples of transplanted animals. In agreement with the immune reconstitution

data, we found high expression of Sry in BM and spleen tissue.
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Figure 4.31. RAB27A expression 6 months after transplantation. Rag2 mice were
transplanted with murine RAB27A+ CD117 cells (n=3) or human
RAB27A+ CD34 cells control MSCs (n=3) and followed for 6 months.
Upon sacrifice, peripheral blood (PB, upper panel), bone marrow (BM,
middle panel) and spleen (SPL, lower panel) total nucleated cells were
collected and assessed for intracellular RAB27A expression. Despite high
levels of RAB27A expression in the transplanted cells, RAB27A
expression was barely detectable using FACS analysis at 6 months post
transplantation. Representative plots from each group are shown.
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5. DISCUSSION

GS-2 is an immune deficiency caused by a mutation in the RAB27A gene.
Although mutations in the RAB27A gene may affect other cell types, such as
melanocytes, causing pigmentary dilution of skin and hairs resulting in the
characteristic silver-gray hair complexion (168) and secretory cells (18, 44), the latter
has not been reported to result in any specific functional problem, likely due to the
compensatory effect of RAB27B and thus major clinical issues of mutations in RAB27A
can be largely contributed to dysfunction of the immune system (52). Currently, the
only curative treatment for children with GS-2 is HSC transplantation. In the absence
of a suitable, matched donor, the reintroduction of physiologic RAB27A expression in
the stem cells of the hematopoietic system through gene editing or overexpression of
RAB27A in HSCs through use of lentiviral vectors could be a potential approach to
treat RAB27A deficiency. However, for rare diseases, such as GS-2, it is very difficult
to obtain sufficient numbers of (hematopoietic stem) cells to design and test the
efficacy of gene editing tools or viral vectors. The development of induced pluripotent
stem cells (iPSC) through overexpression of a several combinations of transcription
factors (169) has allowed reprogramming and indefinite culture of patient-derived
somatic cells and the creation of accessible, shared biobanks (83). Using this system,
we aimed to assess within the framework of this thesis 1) the effects of correction of
GS-2 RAB27A mutations through use of the CRISPR/Cas9 gene editing of patient-
derived MSCs and iPSCs, 2) the efficacy of different lentiviral vectors to express a
codon-optimized version of RAB27A (RAB27Aco) under the control of different
physiologic and constitutive promoters, and 3) to assess potential risks related to
overexpression of RAB27Aco in vivo in an immune deficient mouse model.

iPSC culture media may differ in constituents, but unfortunately many of these
media have proprietary medium formulations, making a side-to-side comparison of
medium supplements difficult. We found that iPS-Brew showed the best support of
iPSC reprogramming, whereas TeSR E8 medium showed the best performance during
maintenance culture. However, one downside of the use of TeSR E8 medium is that

although it is one of the most commonly used media, its use requires daily medium
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changes in order to keep the iPSCs undifferentiated. Further culture optimization
showed that use of TeSR Plus medium was ideal, since it supported iPSC maintenance
to a similar extent as the TeSR E8 medium, but at the same time allowed us to change
medium once in two or even in three days.

In addition to the standard maintenance protocols, also the importance of
storage (cryopreservation) protocols is often overlooked and discarded as if of lesser
consequence. Similar to the above-mentioned maintenance protocols, storage
conditions and freezing medium supplements have a major impact on cell function,
preservation of stemness and differentiation potential of stem cells (170). Current
protocols for cryopreservation of iPSCs have focused on the effects of freezing of the
cells as small aggregates vs single cell freezing (171). Our results show that breaking
up of the colonies resulted in suboptimal recovery after thawing with 1) induction of
uncontrolled differentiation, initiating from the borders of the colonies, 2) increased
necrosis in the center of the colonies, and 3) lower plating efficiency in comparison
to iPSCs frozen in aggregates. In addition, other studies have assessed the effects of
lowering the concentrations of DMSO in order to prevent DMSO-related cell death
during thawing of the cells (171, 172). Our results show that decreasing the
concentration of DMSO from 10% to 5% is not associated with significant cell death
or decreased colony formation and could therefore be used in subsequent studies.
Further decreasing of the DMSO concentrations however may require addition of the
non-toxic cryoprotectant agent (CPA) glycerol to prevent cell death related to
dehydration damage during freezing (172). The use of Knockout Serum Replacement
(KSR) has also gained popularity as a serum replacement in the development of
xenogenic-free cryopreservation formulations. In combination with 10% DMSO, KSR
has been used at concentrations of 25%-90% to freeze effectively iPSCs, ESCs and
iPSC-derived cells with high post-thaw viability, as reviewed by Erol et. al. (170). Lastly,
ROCK inhibitors have been shown to promote plating and cloning efficiency of both
ESCs and iPSCs by inhibition of Rho kinase activity (173). Other methods to increase
cell survival after freeze/thawing may be by effectively inhibiting cellular stress,

including oxidative stress by adding anti-oxidants, such as vitamin E (174) and its
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derivative, SUL-109 (175) or polyphenols, such as Resveratrol (RES). We found in our
experiments that addition of Ri always supported better survival after thawing and
that DMSO levels could be easily reduced to 5%, but extra additives, such as SUL-109
or RES in addition to Ri did not further improve colony formation or cell survival of
iPSCs.

After optimization of reprogramming and maintenance culture conditions of
healthy donor MSCs and iPSCs and GS-2 iPSCs, we proceeded to use these cells to test
the CRISPR/Cas9 and lentiviral vector constructs that we designed. Although a variety
of genome editing tools have been developed, such as Zinc-finger nucleases (ZFNs)
and Transcription activator-like effector nucleases (TALENSs), none of these is remotely
as effective as the recently described CRISPR/Cas9 system (146). In addition, although
the ZFNs and TALENSs systems can both be used to induce genome modification, their
design is generally costly and time-consuming, limiting their large-scale use. In
contrast, the CRISPR/Cas9 system enables researchers to directly modify DNA
sequences and genes, allowing not only the study of biological systems, but also
providing a simple, rapid and precise method for genetic manipulation.

In this thesis, we assessed the efficacy of the CRISPR/Cas9 gene editing tool to
correct two different mutations in the RAB27A gene of GS-2 patient-derived MSCs
and iPSCs. We designed 3 different gRNA constructs to target each exon (i.e., exon 3
and exon 7) and tested the gene correction efficacy through HDR. We used
electroporation (nucleofection) to transfer the RNP complex and the donor DNA to
GS-2 MSCs and iPSCs and found that gene correction using viral-free methods to
correct GS-2 MSCs and iPSCs is feasible, with correction rates similar to or even
exceeding those previously published for iPSCs (176, 177). However, survival of MSCs
and iPSCs after nucleofection was very low, despite the presence of optimized cell
culture conditions and the addition of Ri to prevent apoptosis (178). Furthermore, we
also observed unwanted differentiation of iPSCs after nucleofection (179). Although
the rates of HDR in our settings were moderate, performance of CRISPR/Cas9 in our
hands was suboptimal due to low cell viability and therefore we aim to improve the

method in future experiments. Repair through HDR has been shown to depend on
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the cell cycle and take place in the S/G2 phase (180). Therefore, use of actively cycling
cells (181), induction of cell cycle synchronization, temporarily arresting of cells in the
S/G2 phase, as well as suppression of NHEJ through use of specific inhibitors may
contribute to obtain increased rates of HDR (182-184). Alternative methods to
increase HDR efficiency may further include usage of single-stranded oligo DNA
nucleotides (ssODN) or the use of donor DNA designed with asymmetric homology
strands (185). However, even if HDR rates can be enhanced using these methods, we
would still have to improve cell viability/reduce transfer-related apoptosis of MSCs
and iPSCs after nucleofection (179) in order to be able to expand the cells and use for
future research purposes. The use of viral vector systems, including Adeno-associated
viral (AAV) vectors (186) or lentiviral vectors (LV) (187) could help to overcome this
problem. We show here that it is possible to use CRISPR/Cas9 to correct mutations in
the RAB27A gene. However, in order to make this system useful for clinical
implementation, we need to enhance the HDR efficiency, and improve cell survival
after gene correction. Thus, although the currently available CRISPR/Cas techniques
can be and have been used almost effortlessly to create gene knock-out cell lines and
models, we show here that using the same system for site directed knock-in using
primary (patient-derived) cells requires further development and optimization.
Current gene editing tools require the design of different gRNAs for each unique
mutation, followed by testing of the constructs on patient-derived material.
Therefore, this system may be, although in theory the best way to cure genetically
inherited diseases, not be the most (cost) effective method. Nevertheless, recently
the first advanced therapy medicinal product (ATMP) based on the use of
CRISPR/Cas9, Casgevy, has been approved by the FDA. Using CRISPR/Cas9 the
researchers targeted a specific locus on the DNA that is involved in switching the fetal
hemoglobin (HbF) gene off after birth. By deleting this region, expression of fetal
hemoglobin is resumed alleviating the symptoms of a sickle-cell disease or B-
thalassemia (188). Thus, using knock-out rather than knock-in, the CRISPR/Cas9
system can be used to treat a large group of patients, despite different mutations. In

our system, we may use this feature to increase RAB27B expression.
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RAB27A and RAB27B have been shown to be functionally redundant (40) and
show partially overlapping functions. In fact, in secretory cells RAB27A and RAB27B
are often co-expressed (189). Furthermore, RAB27B has been shown to bind many of
the RAB27A effectors (190). The miRNA miR-599 has been shown to directly target
RAB27B expression and expression levels of RAB27B have been shown to be inversely
correlated with miR-599 levels (191). Therefore, instead of focusing on repairing of
mutations in RAB27A with CRISPR/Cas9, it may be easier to, similar to Casgevy, knock-
out expression of the suppressor miR-599 with CRISPR/Cas, thus increasing RAB27B
expression. In conclusion, we believe that the use of custom designed CRISPR/Cas9
gene therapy for the treatment of Griscelli Syndrome Type 2 is feasible, but current
low rates of HDR efficiency and cell viability after transfection require further
optimization to make this system ready for clinical use.

We therefore sought out different methods in addition to CRISPR/Cas gene
correction to reinstate ectopic RAB27A expression in GS-2 MSCs and iPSCs by
designing different types of lentiviral vectors. An advantage of the lentiviral vector
systems is that 1) most currently used vectors are amphotropic or even pantropic,
being able to target almost any mammalian cell; 2) using different promoter systems,
different levels of expression, reaching from near physiologic to high overexpression
can be achieved; 3) high transduction efficiencies can be obtained by use of lentiviral
vectors without a negative effect on cellular viability; and 4) the lentiviral vectors used
are not mutation or patient-specific and can be developed to work with any patient.
In the last decade, several gene therapeutic ATMPs for genetically inherited diseases
have been developed and received marketing authorization from the FDA, including
Zynteglo for the treatment of R-thalassemia (109). Since expression of RAB27A into
progeny of transduced HSCs requires permanent integration of the gene into the
genome, gene therapy for GS-2 would be ideally done using lentiviral vector transfer
systems (192). Although the lentiviral vector systems have been proven highly
effective in the development of treatment for certain metabolic (e.g., CALD) and
hematopoietic diseases (e.g., b-thalassemia/sickle cell disease), potential risks related

to the lentiviral integrations sites, such as integrational mutagenesis (135) or risks
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related to overexpression of the transgene (193) have led researchers to develop
newer generations of 3™ generation self-inactivating (SIN) lentiviral vectors (194), and
4t generation lentiviral vectors, which lack HIV-1 packaging sequences in the LV
vector proviruses (195). In addition, regulated expression of transgenic proteins by
use of miRNA cassettes in the construct, as well as improved promoter systems,
including tissue-/cell-specific promoters, physiologic promotors, and methylation-
resistant promoters have been used to further improve protein expression. Here, we
tested the efficacy of 3 different promoters on the expression of RAB27A in GS-2 MSCs
and iPSCs. Using our lentiviral constructs, we were able to obtain high expression of
the RAB27Aco transgene in MSCs after use of both the physiological promoter PGK
and the strong SFFV promoter. However, in order to gain similar transduction
percentages as with SFFV, we needed a 0,5 log higher MOI when using the PGK
promoter. A similar effect was seen when the UCOE promoter was used, which
showed a transduction efficiency of 0,5 log lower than PGK.

Many Rab GTPases, including RAB27A (and RAB27B), have been shown to play
a role in the development, invasiveness and metastasis of numerous malignancies
resulting in poor survival, reviewed by Erol et al. (196) and promote proliferation and
invasiveness of cancer cell lines (81, 197, 198). In contrast, suppression of RAB27A
resulted in a better prognosis of cancer in vivo and decreased aggressiveness of
cancer cells in vitro (199, 200). However, it is not known whether RAB27A functions
as an initiating factor or simply provides an optimal biochemical environment for
cancer growth and metastasis via upregulation of cell signaling and cytokine
secretion. In order to assess potential risks related to overexpression of RAB27A after
LV gene therapy of GS-2, we wanted to overexpress RAB27A in healthy stem cells
using a strong constitutive promoter, i.e., SF (the promoter of Spleen Focus Forming
Virus, SFFV) (162) and assess the development of tumors/leukemia in mice. Use of
the SFFV promoter was chosen for several reasons: firstly, we have shown that SFFV
is the strongest promoter, thus the chances of revealing the presence of any negative
side effects would be the highest with this promoter; and secondly, the SFFV

promoter itself is known to cause tumor progression and use of this promoter would
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therefore give information on the risks related to these types of constructs. In our in
vivo transplantation studies, we did not find any evidence for direct tumorigenesis-
initiating effects of RAB27A overexpression. Interestingly however, we noticed that
both MSCs and HSPCs appeared to be functionally impaired after RAB27A
overexpression, as evident from a decrease in expression of stem cell markers by
MSCs and decreased colony formation by HSPCs. Since we found relatively low
physiologic expression of RAB27A in healthy donor MSCs and HSPCs, we believe that
after transduction the SF-regulated supraphysiological RAB27A levels may have
affected stem cells by interference with normal cellular functions. For example, Rabs
have been implicated in the development of neurodegenerative diseases and
increased RAB27 expression in forebrain neurons has been correlated with
accelerated cognitive decline in patients with Alzheimer’s disease (201) possibly due
to interference with neurotransmitter release and dysregulation of axonal transport
(23).

To reveal any potential side effects related to RAB27A overexpression in stem
cells, we lentivirally transduced MSCs and HSPCs with high MOIs using the SF
promoter to forcefully induce RAB27A expression and then performed
transplantation assays in immune deficient Rag2 mice. We did not find any signs of
mutagenesis related to our transplantations, although we encountered a
spontaneous leukemia in one of the control mice, transplanted with non-transduced
MSCs. We have previously used this mouse model to develop gene therapy for RAG2-
SCID and the occurrence of spontaneous leukemias or other tumors in this
immunodeficient mouse model is not rare and has been observed in other SCID
mouse models as well (202, 203). Besides this leukemia, we observed mononuclear
cell infiltrates upon histological examination of the pulmonary tissue of mice
transplanted with both control MSC and RAB27A+ MSCs, indicating that MSCs may
have induced a tissue response, but that this is not related to RAB27A overexpression.
Mice transplanted with non-transduced and RAB27A expressing human CD34+ HSPCs
showed low engraftment of human cells in BM and spleen, and human RAB27A

expression levels were very low, despite high levels of transduction. We did not find
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signs of leukemia in any of the transplanted mice. Mice transplanted with murine
HSPCs showed better engraftment with robust immune reconstitution, in particularly
mice transplanted with RAB27A+ CD117 cells. However, despite confirmed expression
of Sry, indicating engraftment from male into female mice, again RAB27A expression
was barely detectable. We believe these data may indicate that 1) RAB27A may affect
long-term engraftment potential of and stemness of HSPCs, 2) RAB27A+ HSPCs may
have lost expression of RAB27A due to methylation of CpG islands in the SFFV
promoter (141). The latter would be highly plausible, since transgene expression has
been shown to be silenced regularly in constructs using SFFV due to methylation of
the promoter or enhancer elements (141, 204). Therefore, use of silencing resistant
UCOE promoter, which has been shown to provide stable gene expression both in
multipotent and pluripotent stem cells, could be a good alternative. However, use of
a UCOE promoter to drive transgene expression has been shown to result in
decreased viral titers during vector production and relatively low gene expression due
to its bidirectional expression. However, this Sry expression did not correlate with
RAB27A expression, indicating that RAB27A transduced cells were not a major
contributing cell fraction to the overall success of the transplantation. Thus, firstly our
in vivo experiments using RAB27A overexpression in MSCs and HSPCs did not indicate
an initiating role for RAB27A in the development of any type of malignancy, although
upregulation of RAB27A may create a biochemical environment that is supportive for
progression of cancer cell growth. Secondly, we believe overexpression of RAB27A
may cause changes in cellular signaling and behavior that may affect the cells’
stemness potential. However, since clinically effective treatment of GS-2 does not
require high levels or supraphysiological expression of RAB27A, use of the PGK or
methylation-resistant UCOE promoter may be sufficient to obtain clinical
improvement (125).

In summary, we optimized iPSC reprogramming, culture and cryopreservation
conditions, we then tested the efficacy of CRISPR/Cas9-mediated gene editing to
repair mutations in the RAB27A gene of different patients using MSCs and iPSCs.

Although we found a significant level of HDR, low viability affected subsequent testing
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of the cells in terms of function and quality and RAB27A expression. However, we only
tested the efficacy of CRISPR/Cas9 using electroporation, and we did not test transfer
of Cas9 using lentiviral vectors. We then compared the efficacy of different lentiviral
promoter systems in the ectopic overexpression of RAB27A, again on MSCs and iPSCs,
but we omitted the use of promoter of RAB27A itself, which might have given a more
appropriate expression pattern that may not affect stem cell function. In addition,
when we tested the potential tumorigenic effects of RAB27A after overexpression in
healthy MSCs and HSCs using a lentiviral construct with an SFFV promoter, we only
followed these mice for a period of 6 months. We know from early RV gene transfer
studies that this may not be sufficient to predict long term tumorigenic effects and
that secondary transplants may be necessary to increase the follow-up period and
enhance any intrinsic risks related to RAB27A expression. However, although we
collected spleen and bone marrow stem cells from the transplanted mice, the
absence of high levels of engraftment as well as the absence of a high level of RAB27A
expression did not make these cells suitable for secondary transplantation. Therefore,
in future studies we aim to repeat these experiments and perform secondary

transplants if the animals show sufficient engraftment with RAB27A expressing cells.
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6. CONCLUSIONS

Within the framework of this thesis, we aimed to develop gene therapy for
the treatment of Griscelli Syndrome Type 2 using two GS-2 patient-derived MSC and
iPSC lines with mutations in exon 3 and 7, that we generated previously and new cell
lines from a GS-2 patient with a mutation in exon 5 of the RAB27A gene that we
generated during this thesis. We designed and produced different mutation-specific
CRISPR/Cas9 gene editing tools and several lentiviral vectors that express the codon-
optimized RAB27Aco transgene under the control of the constitutively active SFFV
promoter, the constitutively active physiological PGK promoter and the methylation-
resistant UCOE promoter.

We optimized cell culture and cryopreservation conditions of iPSCs and found
that iPS Brew medium is optimal for use during reprogramming, whereas use of TeSR
Plus medium allows medium changes of iPSC cultures every two or even three days,
instead of the daily changes required with standard TeSR E8 medium. We show that
for optimal cryopreservation of iPSCs cells should be frozen as aggregates, rather than
as single cells and levels as high as 10% DMSO are not per se necessary, since addition
of Ri to 5% DMSO freezing media is sufficient to obtain high viability after thawing.

We designed 3 different gRNA constructs to target each exon (i.e., exon 3 and
exon 7) and tested the gene correction efficacy through HDR. We used
electroporation (nucleofection) to transfer the RNP complex and the donor DNA to
GS-2 MSCs and iPSCs and found that gene correction using viral-free methods to
correct GS-2 MSCs and iPSCs is feasible, with correction rates similar to or even
exceeding those previously published for iPSCs. However, electroporation resulted in
low cellular viability and uncontrolled differentiation of iPSC colonies.

Using three different promoters in a 3™ generation SIN LV vector system we
show that the highest RAB27A transduction efficiencies are obtained with the SFFV
promoter, followed by PGK and UCOE. However, too high expression levels of RAB27A
resulted in loss of stemness as apparent from loss of stem cell markers by MSCs, loss
of colony formation by HSCs and loss of long-term repopulation ability when cells

were transplanted in vivo. However, we did not find any side effects, tumorigenic or
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otherwise, related to overexpression of RAB27A, indicating that although RAB27A has
been previously associated with a negative prognostic role in cancer and increased
aggressiveness of tumors, overexpression of RAB27A by itself is not an initiating factor
for the induction of malignancies.

In conclusion, we compared CRISPR/Cas9 and LV vectors for the development
of gene therapy for GS-2. Although gene editing results in acceptable levels of repair,
the technology results in low cell viability. LV gene transfer was easy and robust, but
high expression of RAB27A affected stem cell function. Thus, both methods can be
developed into gene therapy for GS-2, but optimization of the procedures, increasing
cell viability and fine-tuning of expression levels may be necessary before these

therapies are ready for clinical use.
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Supplement 7. Pathogenic RAB27A mutations with different molecular consequences

Name Consequence | Conditions
NM_183235.3(RAB27A):c.467+3_467+6del Griscelli syndrome type 2
NM_183235.3(RAB27A):c.240-2A>C Griscelli syndrome type 2
NM_183235.3(RAB27A):c.147_148del (p.Arg50fs) R50fs Griscelli syndrome type 2
NC_000015.10:g.55224013del Griscelli syndrome type 2
NM_183235.3(RAB27A):c.239+1G>T Autoinflammatory syndrome | Griscelli syndrome type 2
NC_000015.9:g.55514530_55552423dup Griscelli syndrome type 2
NM_183235.3(RAB27A):c.467+5G>A Griscelli syndrome type 2
NM_183235.3(RAB27A):c.400A>G (p.Lys134Glu) K134E Griscelli syndrome type 2
NM_183235.3(RAB27A):c.598C>T (p.Arg200Ter) R200* Griscelli syndrome type 2
NM_183235.3(RAB27A):c.460A>T (p.Lys154Ter) K154* Griscelli syndrome type 2
NM_183235.3(RAB27A):c.335del (p.Asn112fs) N112fs Griscelli syndrome type 2
NM_183235.3(RAB27A):c.227C>T (p.Ala76Val) A76V Griscelli syndrome type 2
NM_183235.3(RAB27A):c.137T>G (p.Phe46Cys) F46C Griscelli syndrome type 2
NM_183235.3(RAB27A):c.439G>T (p.Glul47Ter) E147* Griscelli syndrome type 2
NM_183235.3(RAB27A):c.400_401del (p.Lys134fs) | K134fs Griscelli syndrome type 2| Autoinflammatory syndrome
NC_000015.9:g.(?_55497685)_(55527152_7?)del Griscelli syndrome type 2
NM_183235.3(RAB27A):c.377del (p.Pro126fs) P126fs Griscelli syndrome type 2 |Inborn genetic diseases
NM_183235.3(RAB27A):c.251dup (p.Leu84fs) L84fs Griscelli syndrome type 2
NC_000015.10:g.(?_55234762) (55234954 _?)del Griscelli syndrome type 2
NC_000015.10:g.(?_55223869) (55234954 _?)del Griscelli syndrome type 2
NM_183235.3(RAB27A):c.423_424del (p.Argl4lfs) | R141fs Griscelli syndrome type 2




NM_183235.3(RAB27A):c.467+1G>C

Griscelli syndrome type 2

NM_183235.3(RAB27A):c.149del (p.Arg50fs) R50fs Griscelli syndrome | Griscelli syndrome type 2
NM_183235.3(RAB27A):c.550C>T (p.Argl184Ter) R184* Autoinflammatory syndrome | Griscelli syndrome type 2| not provided
NM_183235.3(RAB27A):c.244C>T (p.Arg82Cys) R82C Griscelli syndrome type 2| not provided | Autoinflammatory syndrome
NM_183235.3(RAB27A):c.514_518del (p.GIn172fs) | Q172fs not provided|Griscelli syndrome type 2
NM_183235.3(RAB27A):c.352C>T (p.GIn118Ter) Q118* Griscelli syndrome type 2

NM_183235.3(RAB27A):c.53_54del (p.Ser18fs) S18fs Griscelli syndrome type 2

NM_183235.3(RAB27A):c.454G>C (p.Alal52Pro) A152P Griscelli syndrome type 2

NM_183235.3(RAB27A):c.389T>C (p.Leu130Pro) L130P Griscelli syndrome type 2

NG_009103.1:g.(13486_7)_(?_81610)del Griscelli syndrome type 2

NM_183235.3(RAB27A):c.217T>G (p.Trp73Gly) W73G Griscelli syndrome type 2
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ATGTCCGACGGCGATTACGACTATCTGATCAAGTTCCTGECCCTGGGOGATAGCGGAGTG
ATGTCTGATGGAGATTATGATTACCTCATCAAGTTTTTAGCTTTGGGAGACTCTGGTGTA

GGCAAGACCTCCOGTGCTGTACCAGTATACAGACGGCAAGTTCAACAGCAAGTTTATCACC
GGGAAGACCAGTGTACTTTACCAATATACAGATGGTARATTTAACTCCAAATTTATCACA

ACAGTGGGCATCGACTTCCGGGAGAAGCGCGTGGTGTACCGGGCCTCOGGACCAGACGGA
ACAGTGGGCATTGATTTCAGGGAAARAAAGAGTGGTGTACAGAGCCAGTGGGCCGGATGGA

GCAACCGGCAGGGGACAGAGAATCCACCTGCAGCTGTGGGATACAGCCGGCCAGGAGCGG
GCCACTGGCAGAGGCCAGAGAATCCACCTGCAGTTATGGGACACAGCAGGGCAGGAGAGG

TTCAGATCTCTGACCACAGCCTTCTTTCGGGATGCCATGGGCTTCCTGCTGCTGTTTIGAC
TTTCGTAGCTTAACGACAGCGTTCTTCAGAGATGCTATGGGTTTTCTTCTACTTTTTIGAT

CTGACCAATGAGCAGTCCTTTCTGAACGTGAGARATTGGATCTCTCAGCTGCAGATGCAC
CTGACAAATGAGCAAAGTTTCCTCAATGTCAGAAACTGGATAAGCCAGCTACAGATGCAT

GCCTATTGCGAGAACCCCGACATCGTGCTGTGCGGCAATAAGAGCGATCTGGAGGACCAG
GCATATTGTGAAAACCCAGATATAGTGCTGTGTGGAAACAAGAGTGATCTGGAGGACCAG

AGGGTGGTGAAGGAGGAGGAGGCCATCGCCCTGGCCGAGAAGTACGGCATCCCTTATTTC
AGAGTAGTGAAAGAGGAGGAAGCCATAGCACTCGCAGAGAAATATGGAATCCCCTACTTT

GAGACAAGCGCCGCCAACGGCACAAATATCAGCCAGGCCATCGAGATGCTGCTGGATCTG
GAAACTAGTGCTGCCAATGGGACAAACATAAGCCAAGCAATTGAGATGCTTCTGGACCTG

ATCATGAAGAGGATGGAGCGGTGCGTGGACAAGTCTTGGATTCCCGAGGGAGTGGTGCGT
ATAATGAAGCGAATGGAACGGTGTGTGGACAAGTCCTGGATTCCTGAAGGAGTGGTGCGA

AGCAACGGACACGCCTCCACAGATCAGCTGTCTGAGGAGAAGGAGAAGGGCGCCTGCGGC
TCAAATGGTCATGCCTCTACGGATCAGTTAAGTGAAGAAAAGGAGAAAGGGGCATGTGGC
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Despite a vast amount of different methods, protocols and cryoprotective agents
(CPA), stem cells are often frozen using standard protocols that have been
optimized for use with cell lines, rather than with stem cells. Relatively few
comparative studies have boen performed 10 assess the effects of cryopeeservation
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toxicity and has been shown to affect many cellular processes due to changes in
DNA methylation and dysregulation of gene expeession. Despite studies showing
that DMSO may affect cell characteristics, DMSO remaing the CPA of choice, both
in a research setting and in the clinics. However, numerows allematives to DMSO
have been shown to hold promise for use as a CPA and include albumin,
trehalose, sucrose, ethylenwe glycol, polyethylene glycol and many more. Here, we
will discuss the use, advarntages and disadvantages of these CPAs for cryopreser-
vation of different types of stem cells, including hematopaietic stem cells,
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cold storage of hematopoietic stem cells, mesenchymal stem cells and induced
pluripotent stem cells. Although dimethyl sulfoxide (DMSO) is commonly used in
cryopreservation of cell lines, primary cells and stem cells, the use of DMSO has been
associated with certain toxicity, both directly on the cells, as well as upon infusion with
the stem cell product. As a result of this many groups have undertaken efforts to find
suitable replacements for DMSO that are equally potent but less toxic. In this review,
we summarize the current status quo of stem cell freezing protocols and we describe
the most commonly used cryoprotective agents and their effects on stem cells and stem
cell function.

Citation: Erol OD, Pervin B, Seker ME, Aerts-Kaya F. Effects of storage media, supplements
and cryopreservation methods on quality of stem cells. World J Stem Cells 2021; 13(9): 1197-
1214

URL: https://www.wjgnet.com/1948-0210/full/v13/i9/1197 htm
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INTRODUCTION

Although optimization of stem cell culture, expansion and differentiation methods has
been the main focus of stem cell research, an equally important and largely ignored
topic in stem cell research is long term storage and cryopreservation. No matter the
quality of the stem cell cultures, without optimization and careful control of
cryopreservation, reproducibility and clinical (side) effects may be difficult to
interpret. Furthermore, effects may be unexpected and suboptimal if cells are not
stored, frozen and thawed under the most favorable conditions. Cryopreservation of
cells, tissues and embryos has been common practice since the 1950s and took flight
with the development of in vitro fertilization practices and hematopoietic stem cell
(HSC) transplantation.

Storage under low temperature conditions reduces the rates of intracellular
enzymatic and chemical reactions that may be harmful and allows the cells to be
stored long-term without damage. The basic principle underlying successful cell
cryopreservation is prevention of the formation of intra- and extracellular ice crystals
during freezing, since this is the primary cause of cell damage[1]. Cryopreservation
methods can be classified into slow freezing and fast freezing (vitrification)
procedures. Both methods are based on the freezing or solidification of the cells or
tissues and may cause cell injury in the process. However, the mechanisms that cause
cell damage are quite distinct. Whereas rapid cooling results in the formation of
intracellular ice crystals causing physical stress to the cells and mechanical breakdown,
slow cooling causes osmotic changes in the cells and mechanical stress due to the
formation of extracellular ice[2]. During vitrification a liquid is transformed into a
glass-like non-crystalline solid state due to overcooling without freezing. Its most
important feature is the prevention of ice formation[3,4]. During vitrification, cells kept
in cryoprotectant solutions are briefly exposed to nitrogen vapor and subsequently
immersed in liquid nitrogen[5] and usually a permeable cryoprotectant [dimethyl
sulfoxide (DMSO) or glycerol] and an impermeable cryoprotectant [hydroxyethyl
starch (HES), polyvinyl alcohol, trehalose] are used together[6,7]. During slow
freezing, extracellular ice crystals may cause an increase in cellular osmolality and
dehydration, and therefore the cooling rate during freezing should be sufficiently slow
to allow a suitable amount of water to leave the cell[8,9]. The optimal cooling rate
depends on cell size, sample size, water permeability and the presence of nucleating
agents, which initiate and catalyze the freezing process. In addition, the cryoprotectant
used, the temperature and surface/volume ratio should also be taken into consid-
eration to determine the optimal cooling rate[10]. A cooling rate of 1-3 °C/min during
the initial freezing phase (+4 °C to -40 °C) is optimal for most mammalian cells when
frozen in the presence of cryoprotective agents, such as glycerol or DMSO[11].
Automated freezing devices, such as KRYO 10 series III (Planer Products, Sunbury-on-
Thames, United Kingdom)[12], CryoMed 1010 (Forma Scientific, Marjetta, OH, United
States)[13] and Cryomed (New Baltimore, MD, United States)[14] provide a
temperature decrease at a controlled rate. Differences between vitrification and
cryopreservation are depicted schematically in Figure 1.
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Figure 1 Comparison of vitrification and cryopreservation procedures. CPAs: Cryoprotective agents; HSCs: Hematopoietic stem cells; MSCs:
Mesenchymal stem cells; iPSCs: induced pluripotent stem cells.
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Despite a vast amount of different methods, protocols and cryoprotectants, stem
cells are often frozen using protocols optimized for cell lines and relatively few
comparative studies have been performed to assess the effects of cryopreservation
methods and supplements on stem cell quality and viability. A list of commercially
available cryopreservation media is provided as Supplement 1. Here, we summarize
the use, advantages and disadvantages of cryopreservation methods used for different
types of stem cells, including HSCs, mesenchymal stem cells (MSC) and induced
pluripotent stem cells (iPSC).

CRYOPROTECTIVE AGENTS, ADDITIVES AND SOLUTIONS

In order to serve as an effective cellular cryoprotective agent (CPA), the compound
should have certain properties, including (1) High water solubility, even at low
temperatures; (2) Free penetration of cell membranes; and (3) Low toxicity. Although
many compounds may have these properties, including the most commonly used
agents DMSO and glycerol, the choice of the compound may differ depending on the
type of cell. CPAs are often used in combination with a carrier solution, which may
provide different concentrations of (nutritional) salts, a variety of buffers, osmogens
and/or apoptosis inhibitors. The contents of this carrier solution further help the cells
maintain an isotonic concentration (300 milliosmoles) to prevent swelling or shrinking
during the freezing process[15].

DMSO [Me,SO, (CH3),50]

DMSO has been a key agent for the development of cryobiology. For cryopreservation
of HSCs, use of DMSO, in combination with a temperature-controlled freezing
technique followed by a rapid thawing procedure of 1-2 °C/min, is considered the
clinical standard[16]. The use of DMSO as a CPA to prevent freezing-related cell
damage was first proposed by Lovelock and Bishop[17], who used it during slow
cooling of bull sperm. Due to its low hydrophilicity and molecular weight, DMSO
freely penetrates cell membranes. It can disrupt ice crystal nucleation by forming
hydrogen bonds with intracellular water molecules and prevents dehydration by
reducing the amount of water absorbed into ice crystals[18]. However, prolonged
exposure to DMSO negatively affects cellular function and growth by interfering with
metabolism, enzymatic activity, cell cycle and apoptosis[19]. DMSO is also thought to
modulate intracellular calcium concentrations[19,20] and may induce or inhibit cell
apoptosis and differentiation, depending on the cell type, the stage of cell growth and
differentiation, the concentration of DMSO (typically 5%-10%), duration of exposure
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and temperature[21,22]. Whereas high concentrations of DMSO may cause instant
hemolysis, white cell stacking and fibrinogen precipitation, intravenous adminis-
tration of DMSO has been associated with local irritation and necrosis[23]. Infusion of
cell products that contain DMSO is associated with a wide range of gastrointestinal
side effects (nausea, vomiting, abdominal pain, diarrhea)[24-26]; cardiovascular effects
(hypertension, bradycardia, tachycardia)[25-27]; respiratory (dyspnea) and dermato-
logical effects (urticaria, itching, and redness)[28,29]. Furthermore, even very low
concentrations of DMSO can affect cellular processes by causing differential
expression of thousands of genes, changing DNA methylation profiles and tissue-
specific deregulation of miRNAs[30,31], and may affect stem cell fate by inducing
unwanted differentiation[32].

Glycerol (C,H,0)

Glycerol is a simple polyol compound. Its cryoprotective effects have been known
since the early 1950s, when glycerol was first tested on fowl spermatozoa, rabbit red
blood cells and water amoeba[33,34]. Glycerol is a colligative CPA that prevents
dehydration damage by increasing the total solute concentration, including sodium
ions, thus preventing ice formation and reducing the amount of water absorbed by ice
crystals[7,35]. Although glycerol at low concentrations (< 20%) is not sufficient to
prevent crystallization completely, it does protect different cells from cell death. High
concentrations (70%) of glycerol were used without significant toxicity and were
shown to provide substantial protection[36].

Hydroxyethyl starch

Hydroxyethyl starch was synthesized by Ziese W in 1934. The hydroxyethyl starch
molecule is a high molecular weight synthetic polymer and can be purified from corn
or potatoes[37]. Since high molecular weight CPAs are generally unable to enter cells,
HES accumulates in the extracellular space. Here, it regulates water flow during
cooling and heating and provides cryoprotection by absorbing the water molecules
and keeping them thermally inert. Although HES remains extracellulary, it can
minimize intracellular ice crystal formation and provides membrane stabilization[38].
By increasing the extracellular viscosity it further prevents osmotic stress and damage,
reducing the rate at which water is withdrawn from the cells during cooling[39,40].

Trehalose

Trehalose is a non-toxic disaccharide and helps maintaining the structural integrity of
cells during freezing and thawing[41,42]. Trehalose has high water retaining
properties and is found in a large number of organisms, such as nematodes and yeasts
that can survive freezing and drying[43] and can be isolated from yeasts, plants and
fungi[42,44]. However, trehalose does not display any significant cryoprotective
potential by itself and should therefore be used in combination with other CPAs[45].

Albumin

The albumin protein consists of three homologous domains, each with specific
structural and functional properties[46]. Human serum albumin (HSA) is present in
serum at high quantities and serves as a buffer or depot for hormones, growth factors,
fatty acids and metals. Due to its stabilizing function, albumin is an important
component of common preservation and cell culture media. During freezing, albumin
is used for its ability to coat surfaces, buffer function and binding capacity[47], but,
similar to trehalose, albumin is only used as a supplementary cryoprotective agent
during freezing of cells and tissues[48].

Dextran

Dextran is a branched polysaccharide with a-1.6 glycosidic links between glucose
molecules[49]. Dextran can interact with lipoproteins, enzymes and cells, and has the
ability to stabilize proteins[50]. Dextran is non-toxic, only weakly antigenic and
usually used at a concentration of 10%[51,52]. Dextran has been used as a cryoprotect
during freezing of HSCs and sperm[53,54]. Similar to albumin and trehalose, dextran
is only used in combination with other CPAs, such as DMSO or glycerol.

CRYOPRESERVATION OF HEMATOPOIETIC STEM CELLS

Hematopoietic stem cell transplantation (HSCT) is used for the treatment of various
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malignant and non-malignant diseases affecting the hematopoietic and immune
system as well as for the treatment of a variety of inborn errors of metabolism[55].
HSC products derived from bone marrow (BM), peripheral blood or umbilical cord
blood (UCB) are usually stored for a brief period that may range from a few days to
months but may increase up to several years, depending on the disease state of the
patient and treatment schedule[56]. Banking of HSC transplants is becoming
increasingly important because of the possibility to use previously stored material
even years after collection. In addition, storage of UCB for personal (private banking)
or transplantation purposes (biobanks) is becoming increasingly popular and may
require banking for up to several decades. For this reason, it is critically important that
HSCs retain their potential during the freezing, banking and thawing[57]. HSCs can be
stored unprocessed at +4 °C or room temperature for approximately 72 h after
collection without massive apoptosis, cell death or loss of stem cell function. Within
this time period, they can be transported and engrafted without any problems, but
additional protocols may be required for longer storage[22,58,59]. Freezing the cells
extends their shelf life greatly and increases the safety of HSC therapy by providing
time to perform quality controls (microbiologically) and product testing (HSC content,
colony assay, CD34+ enumeration). Despite these benefits, cryopreservation of HSCs
poses several challenges, most notably a decrease in cell viability after thawing and
side effects in patients due to the CPAs used[60]. An overview of current protocols
used for cryopreservation of HSCs has been provided in Table 1.

Throughout the years, DMSO has been the CPA of choice in most studies. It has
been tested at different concentrations, ranging from 2.5% to 10% with variable results.
Since DMSO is highly hyperosmotic, rapid infusion of the cryopreserved cells into the
isosmotic blood system may cause osmotic damage, excessive cell expansion and
decreased cell viability. This in turn may cause immediate side effects but can also
affect engraftment in the long term[14,22]. Generally, lower doses of DMSO provided
less toxicity, but in some cases, this was accompanied by a decrease in cell viability.
Nevertheless, observed effects and side-effects of DMSO may differ widely between
the protocols used due to the addition of other supplements (HES, HSA, Trehalose),
cell dose (ranging from 15 x 10° cells/ mL-4000 x 10° cells/mL), cell source (peripheral
blood/BM/UCB), use of controlled rate or uncontrolled rate freezing, duration of
storage (<1 wk to > 1 decade) and the temperature used for long-term storage (-80 °C
to -196 °C). To reduce the toxic effects of DMSO-cryopreserved HSCs during
transplantation, it has been opted to divide the infusions into multiple portions, given
at intervals of several hours or days, or alternatively to concentrate further HSC grafts
to reduce cryopreservation volume and DMSO content[61]. In addition, alternatives
such as different CPAs to reduce or replace DMSO for cryopreservation[14,62] or
complete removal of DMSO prior to infusion[63,64] are being investigated. Even
though a concentration of 10% DMSO in HSC cryopreservation is widely accepted as
the cryopreservation medium of choice[65,66], similar or even more successful results
have been obtained using percentages of DMSO as low as 2.5%-5%, with or without
the addition of HES. Using these protocols similar engraftment was observed but with
less toxicity[14,67,68]. Use of trehalose in combination with DMSO in UCB-derived
HSC freezing has been shown to increase survival and cell differentiation capacity of
HSCs in comparison to HSCs frozen without trehalose[53]. Direct comparison of
trehalose and DMSO for cryopreservation of BM-HSCs showed no differences on
viability between both groups[45]. Similarly, in NOD-SCID mice, the use of low
amounts of DMSO (5%) and trehalose (5%) to reduce the toxic effects of DMSO
showed a positive effect on HSC survival and engraftment after transplantation[69].
When BM-derived HSCs were frozen using a combination of 7.5% DMSO and 4%
HSA, cells displayed high viability and sustained engraftment[70]. Studies using
combinations of DMSO with dextran-40 showed increased HSC viability and
functionality in comparison to the DMSO only group[71]. In conclusion, a lower
concentration of DMSO and addition of a non-toxic second CPA or supplement, such
as HSA and trehalose, decreases toxicity related to DMSO, while maintaining high
HSC viability and sustaining engraftment.

CRYOPRESERVATION OF MESENCHYMAL STEM/STROMAL CELLS

Multipotent mesenchymal stem/stromal cells (MSCs) can be isolated from many
tissues, including the bone marrow (BM-MSC), adipose tissue (adipose tissue derived
stem cell), umbilical cord Wharton Jelly (Wharton Jelly-MSC), placenta (placenta-
MSC), tooth germ (tooth germ MSC) or dental pulp (dental pulp stem cell) and many
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Table 1 Comparison of different protocols used during cryopreservation of hematopoietic stem cells

Storage period

Viability post Engraftment

HSC source and Cryopreservation . . Results Ref.
freezing in days
temperature
<600 x 10° cells/mL 5-15yr,-150°C  10% DMSO and 23.3%  66.4% 12 Viable CD34+ cells or CFU-GM is a reliable [13]
autologous PBSC Plasma Lyte A predictor of rapid engraftment
<300 x 10° cells/mL <6 mo, -80 °C 3.5% DMSO, 1% HSA  72% 14 Low DMSO conc allows successful [115]
autologous PBSC and 2.5% HES engraftment and reduces toxicity (8%);
Similar engraftment after combination of
DMSO with or without HES and HSA
<100 x 10° cells/ mL <6 mo, -80 °C 5% or 10% DMSO, 85% 14 19.1% infusion-related toxicity in the 10% [116]
autologous PBSC autologous plasma, 5% DMSO group vs 6.8% in the 5% DMSO
ACD group, lowering DMSO results in
reduction in infusion toxicity and lower
costs with a similar hematopoietic
reconstitution
Autologous PBSC <11yr,-80°C 3.5% DMSO + 1% HSA  no significant ~ 11-12 Uncontrolled-rate freezing and [117]
and 2.5% HES vs 6% change cryopreservation with 5% DMSO/HES at
DMSO + 6% HES —80 °C supports hematopoietic
reconstitution comparable to that of
controlled-rate freezing and liquid nitrogen
storage
<4000 x 10° cells/mL 198 wk, -80°C  3.5% DMSO, 2.5% HES  60.8% 11-20 Reduction in DMSO concentration [24]
autologous PBSC and 1% HSA decreases transfusion-related adverse
events. PBPCs cryopreserved in low
DMSO/HES/HSA at -80°C allow
successful engraftment
50 x 10° cells/mL PB: 35 mo (26- 5% DMSO, 6% HES 93% DMSO-associated toxicity during infusion,  [118]
autologous PBSC and  78); BM 16 mo and 4% HSA in storage of HSCs at -90°C in
BM (27-71),-90 C RPMI1640 DMSO/HES/HSA did not cause loss of
cell numbers, viability, and clonogenic
activity
Autologous PBSC Controlled rate 5% or 10% DMSO and 10-20 Two patients who received components [14]
freezing at-186 6% HES cryopreserved with DMSO alone
°C experienced serious neurological toxicity,
none of the recipients who received
components frozen in DMSO/HES
experienced serious infusion-related
toxicity, better hematopoietic recovery in
presence of HES independent of DMSO
concentration
100 x 10° cells/mL - 5-6 yr, controlled 2%-10% DMSO, 10% 73% with 5%  10-14 Cryopreservation using 5% instead of 10%  [61]
200 x 10° cells/mL rate freezing at- ACD DMSO DMSO improves CD34 + cell and
autologous PBSC 160 °C leukocyte viability, but has only minor
effects on supernatant levels of leukocyte-
and platelet-derived soluble mediators
75 x 10° cells/mL - 250  32-180 d, 5% or 10% DMSO 84%-95% 10-14 The use of 5% instead of 10% DMSO was [119]
x10° controlled rate associated with a decrease in side effects,
cells/ mLautologous freezing, -196 °C cryopreservation with 5% DMSO followed
PBSC by storage in nitrogen is a simple, highly
standardized, and safe procedure for
cryopreservation of autologous stem cell
graft
UCB 1-2 mo, 5% or 10% DMSO Uncontrolled Best recovery of UCB cells when [120]
uncontrolled vs 84.2%; controlled-rate freezing and 5% DMSO
controlled rate controlled were combined
freezing at -90 °C 92.5%
15 x 10° cells/mL UCB > 2 wk, 5%, 10% or 20% DMSO  89% Optimal conditions for cryopreservation [121]
controlled rate and 2% HSA or were 10% DMSO and 2% HSA with fast
freezing at-170  autologous plasma addition and removal of DMSO
C
800 x 10° cells/mL 10 yr, controlled  10% DMSO and 5% 83.7% Long term storage of UCB units does not [122]
UCB rate freezing at -  Dextran affect the quality of the HSCs
196 °C
Autologous BM 4 mo, -80 °C 5% DMSO and 6% HES 82.2% 21 BM cells can be rapidly and inexpensively — [123]
cryopreserved in DMSO/ HES, without
need for rate-controlled freezing or storage
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20 x 10° cells/mL BM  Controlled rate
or 17 x 10° cells/mL freezing at -196
PBSC °C

200 x 10° cells/mL BM: 11.8 yr vs
autologous BM or PB:33d

PBSC controlled rate

freezing at -196
°C

Erol OD et al. Cryopreservation of stem cells

in liquid nitrogen

10% DMSO or 0.25-1 DMSO: DMSO-cryopreserved cells exhibited the [45]
mol/L TH with or 33%TH: 32%; best median viability-rate after thawing.

without 0.25 IU/mL TH/1: 30% Comparable results could be achieved with
insulin (I) trehalose 0.5 mol/L with/without insulin

10% Medium 199, 80% BM: 81.5%; BM can be cryopreserved for more than a [124]

autologous plasma and PBSC: 68.0%

10% DMSO

decade without apparent loss of progenitor
activity in comparison to short-term
cryopreserved PBSC

HSC: Hematopoietic stem cell; DMSO: Dimethyl sulfoxide; CFU-GM: Colony Forming Unit-Granulocyte/Macrophage; ACD: Acid citrate dextrose; RPMI:
Roswell Park Memorial Institute Medium; HES: Hydroxyethyl starch; HSA: Human serum albumin; BM: Bone marrow; UCB: Umbilical cord blood; TH:

Trehalose.
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other connective tissues[72,73]. MSCs can differentiate into cells from several
mesenchymal lineages, including but not limited to osteoblasts, adipocytes and
chondrocytes[74,75]. MSCs are highly positive for cell surface molecules like CD29,
CD44, CD73, CD90 and CD105[76]. They hold great potential for clinical application
due to their capacity for regeneration of damaged or injured tissues, migration to sites
of injury and regulation (usually suppression) of local and generalized immune
responses. In order to obtain a sufficient amount of MSCs for clinical application, cells
are often profoundly expanded in culture. Since MSCs themselves do not express
HLA-DR, the cells are considered immunologically inert and expanded MSCs from
unrelated, third-party donors can be used for treatment of a variety of diseases,
ranging from graft vs host disease to severe acute respiratory distress syndromes[77,
78]. These characteristics make MSCs ideal for ready, off-the-shelf treatments but
require significant expansion and long-term cryopreservation[79-81]. Similar to the
protocols developed for freezing of HSCs, a variety of freezing solutions and protocols
has been tested for cryopreservation of MSCs (Table 2). Similar to freezing protocols
used for HSCs, MSC freezing media generally consists of a basic medium [alpha-
modified minimal essential medium, Dulbecco's Modified Eagle's Medium (DMEM) or
advanced DMEM], supplemented with 3%-10% DMSO. In most studies expression of
MSC surface markers (CD29, CD44, CD73, CD90, CD105 and/or CD166) was assessed
before and after cryopreservation, and in almost all cases, MSC phenotype was not
affected by cryopreservation, with overall expression levels > 90%. Cell viability
ranged from 60% to 95% when fetal bovine serum (FBS) was used in addition to
DMSO. In the presence of 10% DMSO, viability was typically very high (80% to 100%)
after thawing, regardless of the duration of the freezing period[81-84].

While there was no significant difference between 2% and 10% DMSOQO in terms of
viability after a 1 mo freezing period, a significant portion of the cells frozen in
presence of 2% DMSO died after long-term cryopreservation[81]. Therefore, in order to
reduce the toxicity related to DMSO, either the percentage of DMSO was reduced or
secondary CPAs (trehalose, sucrose, boron) were added to the freezing media[83-85].
Alternatively, high molecular weight macromolecules, such as FBS, polyethylene
glycol (PEG) or polyvinylpyrrolidone were added as secondary CPAs to the freezing
media[83,84,86]. However, since FBS contains animal components, cell products may
contain remnants of FBS despite post-thaw washing that may trigger adverse
(immune) reactions when used in a clinical setting[87]. Therefore, animal component
free media, such as Cryostor, have been developed as an alternative to standard
freezing medium formulations[81]. Studies using adipose tissue-derived MSCs frozen
with 10% DMSO, 0.9% NaCl and human serum, HSA or knockout serum replacement
(KSR)[88] revealed that all FBS replacements supported a similar multilineage differ-
entiation potential, expression of cell surface markers and gene expression of stem cell
markers, indicating that these may be good alternatives for clinical use. Carnevale et al
[89] used 5% DMSO and human serum instead of FBS for cryopreservation of BM-
MSCs and found no differences in terms of differentiation or phenotype. Cryopreser-
vation of BM-MSCs using 7.5% DMSO, supplemented with 2.5% PEG and 2% BSA or
even 5% DMSO, supplemented with 5% PEG and 2% BSA were shown to be almost as
good as 10% DMSO in terms of viability and similar in terms of differentiation[84].
Comparison of mixed osmolyte solutions, consisting of sucrose/ glycerol/creatine and
sucrose/ glycerol/isoleucine with standard DMSO containing freezing media further
showed the potential of these type of cryopreservation solutions by improving post-
thawing function of MSCs[31].
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Table 2 Comparison of different protocols used during cryopreservation of mesenchymal stem/stromal cells

MSC Culture Storage
source, medium period and Cryopreservation Viability Phenotype Results Ref.
passage temperature
BM- MEM, 15% 7 wkat-196°C 90% FBS and 10% DMSO Osteogenic and No effects of freezing on [125
MSC/P3 FBS, 1% adipogenic function, differentiation ]
P/S, 1% L- differentiation, high and phenotype of the
glutamin expression of CD44, cells
CD73, CD90 and CD105
1x10°BM- MEM, 10% 12 mo, 30% FBS, 60% MEM and 85%-100% Chondrogenic, No differences in [82]
MSC/P3,  FBS,1% controlled rate  10% DMSO adipogenic, neurogenic  phenotype or
P4, P8, P/S,1% L-  freezing at -80 differentiation, no differentiation between
P13, P18 glutamin °C difference in expression  different cryopreserved
of cell surface markers =~ MSCs from different
between passages passages
0.5 x 10° MSC 1-5 mo, Freezing medium (FM): FM 10% DMSO: Osteogenic No difference in [81]
/mL; BM-  growth controlled rate  10% DMSO, 10% FBS, 102.8%; CS 2% differentiation, high differentiation or
MSsC medium, freezing at -196 MSC growth medium, DMSO: 91.7%; CS ~ expression of CD44, phenotype before and
10% FBS °Cuvs4datd 30% BSA vs CryoStor (CS) 5% DMSO: 95.6%; CD90, CD105, CD166, after freezing; HTS-FRS
°C animal component free CS10% DMSO: loss of expression of preserved MSC marker
freezing medium with 2%, 95.4%; HTS-FRS: CD9 after hypothermic  expression, proliferation
5% or 10% DMSO vs 85.0% (rapid loss of  storage and osteogenic
storage in viability after > 6 d) differentiation after
HypoThermosol-FRS storage for at least 4 d
medium (HTS-FRS) at 4°C
1x10° MEM, 10% 7 wkat-196°C 10% DMSO +10% or 90%  Highest viability Adipogenic, osteogenic  In comparison to 10% [84]
/mL; BM-  FBS,1% P/S FBS, 7.5% DMSO, 2.5% with 7.5% DMSO, and chondrogenic DMSO, best results with
MSC PEG £ 2% BSA, 5% DMSO, 2.5% PEG and 2% differentiation 7.5% DMSO, 2.5% PEG
5% PEG, 5% DMSO, 2% BSA:82.9% +4.3% and 2% BSA. In
PEG, 3% Trehalose + 2% vs 10% DMSO: presence of and 2% BSA
BSA, 2.5% DMSO, 7.5% 82.7% £3.7% also good results with
PEG £ 2% BSA, 10% 5% DMSO, 5% PEG or
Propanediol, 2%BSA, 7.5% 7.5% propanediol with
Propanediol 2%BSA, 2.5% 2.5% PEG
PEG
BM- MEM, 10%  1yrat-196°C MEM, 40% Human Serum, Osteogenic, adipogenic ~ Cryopreserved MSCs [89]
MSC/P1-6 Human 5% DMSO and myogenic show slightly lower
Serum, 1% differentiation, before proliferation rate, no
L- and after thawing high  differences in
glutamine, expression of CD73, differentiation,
1% P/S CD90 and CD105, no senescence markers,
expression of CD16, CFU-F or karyotype
CD34, CD45 and HLA-  between frozen and
DR fresh cells
5x10° MEM, 15% <6 mo vs 33-37 CELLBANKER 90% Osteogenic No difference in [86]
/mL; BM-  EBS,1% P/S mo cryopreservation medium differentiation, both osteogenic potential
MSC/P1 (contains serum and fresh and cryopreserved —between fresh and
DMSO) MSCs were negative for ~ cryopreserved cells.
CD14, CD34, CD45and  Long-term
HLA-DR and positive cryopreserved MSCs
for CD29 and CD105 retained high osteogenic
potential, no difference
in phenotype
1x10° ADMEM, 3 mo, A: ADMEM, 10% PVP £ A:62.9% £0.4%; A Adipogenic and Complete elimination of [83]
/mL; WJ-  10% FBS, controlled rate  10% FBS, B: ADMEM, 10% without FBS: 6.8% + osteogenic FBS in cryoprotectants
MSC 1% P/S,1% freezing at-196 FBS, 0.05 mol/L glucose,  0.2%; B: 72.2% + differentiation, both resulted in drastic
L-glutamine °C 0.05 mol/L sucrose, 1.5 0.23%; C: 81.2% * fresh and cryopreserved reduction in cell
mol/L ethylene glycol £ 0.6% MSCs were negative for  viability.
10% FBS, C: ADMEM, 10% CD34 and CD45 and Cryopreservation did
DMSO +10% FBS positive for CD73, CD90  not alter basic stem cell
and CD105 characteristics, plasticity
and multipotency,
except for proliferation
rate
1x10° DMEM, 1d or 6 mo, 20 pg/mL NaB, 20% FBS,  First cycle: > 90%; Osteogenic, <5% DMSO in freezing  [85]
/mL; 10% FBS, freezing at-196 1% P/S/A,10%,7%,5%, Second cycle: > chondrogenic, and medium resulted in
tgMSC 1% P/S/A  °C 3% or 0% DMSO 70%; Third cycle: >  adipogenic increased cell death,
80%; Fourth cycle: > differentiation, high NaB improved cellular
80% expression of CD29 and  viability after freeze-
CD73, medium thaw cycles, addition of
expression of CD90, NaB to the freezing
CD105 and CD166, no medium did not affect
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5x10°/mL DMEM-LG,

ADSC/P2  10% FBS
1x10°/mL MEM, 15%
DPSC/P5- FBS, 1%

7 P/S/ A, 100
uM L-
ascorbic
acid 2-
phosphate

ESC- MEM, 10%

derived FBS, 1%

MSC NEAA

2 wk, freezing
at -196 °C

1wk, freezing
with Mr.
Frosty (NMF)
vs magnetic
freezing (MF)

Controlled rate
freezing at 196
C

0.9% NaCl containing 10%
DMSO HSA, HS, KSR or
90% FBS

Serum-free
cryopreservation medium
(SFM) containing 3%
DMSO, SFM + 10%
DMSO, FBS + 3% DMSO,
FBS +10% DMSO

Sucrose, glycerol, creatine
(SGC) and sucrose/
glycerol/isoleucine (SGI)
solutions were incubated
for 1h before freezing,
Sucrose, mannitol, creatine
(SMC) solutions were
incubated for 2 h before
freezing

DMSO + 9%; HSA:
78.0%; DMSO +
90%; HS: 72.4%;
DMSO + 90%; KSR:
77.0%; DMSO +
90%; FBS: 78.5%;
DMSO alone: 19.6%

SEM + 3%; DMSO:
75%; SEM + 10%;
DMSO: 78%; FBS +
3%; DMSO: 70%;
FBS + 10%; DMSO:
73%

SGI>SGC>SMC
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expression of CD14,
CD45, CD34

No differences in
adipogenic, osteogenic,
and chondrogenic
differentiation, gene
expression of CD73,
CD90, CD105, CD106,
CD166, SCF, REX1 and
NANOG. All ADSCs
were positive for surface
expression of CD44,
CD73, CD90, CD105,
CD166 and HLA-ABC
and negative for CD31,
CD34 and HLA-DR

CD29, CD44 and STRO-
1 expression did not
differ between the NMF
and the MF groups,
whereas levels of CD73,
CD90, CD146 and
CD166 in the MF group
increased compared to
the NMF group.

Osteogenic and
chondrogenic
differentiation, all
groups were positive for
CD73, CD90 and CD105,
and negative for CD45

differentiation capacity
of MSCs

ADSCs frozen with
HSA, HS, or KSR
showed similar growth
kinetics as cells frozen
with FBS. Multilineage
differentiation of
ADSCs did not differ
between groups

[88]

DPSC viability using
MF was significantly
superior to that of the
NMF using 2%-10%
DMSO; Post-thaw MF-
DPSCs expressed MSC
markers and showed
osteogenic and
adipogenic
differentiation similar to
fresh DPSCs

[90]

Osmolyte-based [31]
cryopreservation
formulations retain

MSC post-thaw

viability, cell surface

markers expression,
proliferation, and
osteochondral

differentiation potential

MSC: Mesenchymal stem/stromal cell; FBS: Fetal bovine serum; DMSO: Dimethyl sulfoxide; ESC: Embryonic stem cell; NEAA: Non essential aminoacids;

MEM: minimal essential medium; KSR: Knockout serum replacement; BSA: Bovine serum albumin; P/S: Penicillin/Streptomycin; DPSC: Dental pulpa

stem cells; ADSCs: Adipose derived stem cells.
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For research purposes often non-controlled, simple isopropanol-jacketed freezing

containers (such as the Mr. Frosty from NALGENE) are used. Using this system,
temperature in cryovials decreases approximately 1 C/min[89,90]. In contrast, for
clinical use, temperature controlled freezing devices are often preferred. Lee et al[90]
used a programmed freezer with a magnetic field to freeze human dental pulp MSCs.
Using the magnetic freezing procedure, the researchers were able to decrease the level
of DMSO to 3% without a significant difference in cell viability. Using the magnetic
field freezer “Cells Alive System” (CAS) rat BM-MSCs were frozen in serum-free
freezing medium (10% DMSO, 5% Albumin, 0.2% D-Glucose, 0.6% NaCl, 0.03%
glutamine, 0.2%NaHCO,)[91]. After 3 years, viability and in vivo bone formation in the
CAS group was significantly higher than that in cells stored in a non-programmed or
non-magnetic freezer (87.7% and 48.5%, respectively). These data show the potential
for use of alternative freezing systems for cryopreservation of MSCs as well as the use
of secondary CPAs that decrease the need for DMSO. Most clinical trials use MSCs
from related donors rather than off-the-shelf products. These MSCs are often directly
after expansion infused into the patients. However, considering the increasing
requirement for readily available MSC products, MSC culture and cryopreservation
protocols under good manufacturing practice conditions will need to be revisited and
low DMSO protocols that are optimized for clinical use and support MSC function in
the absence of animal components remain to be developed.

CRYOPRESERVATION OF INDUCED PLURIPOTENT STEM CELLS

Whereas studies on HSCs have been the focus of stem cell research since the 1960s-70s,
studies assessing the role and function of MSCs have intensified since the 1990s. Since
2006, a substantial portion of the focus within the stem cell field has moved steadily
towards the use of the new kid on the block, i.e. induced pluripotent stem cells (iPSC).
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iPSCs are stem cells with embryonic stem cell (ESC)-like properties, but lack the ethical
issues involved with the use of ESCs. This is related to the fact that iPSCs are artifi-
cially generated from somatic cells by forced overexpression of the pluripotency
transcription factors OCT4, SOX2, KLF4 and c-Myc[92,93]. New protocols using
different combinations of transcription factors, including NANOG and LIN28[94] and
others, devoid of oncogenic potential, as well as different methods for transfer (e.g.,
integrating lentiviral vectors, non-integrating sendai based vectors, episomal vectors,
direct mRNA transfer, etc.)[95] have not affected the characteristics of the derived
iPSCs: iPSCs have unlimited self-renewal capacity and the ability to differentiate into
cells from all three germ layers (endoderm, mesoderm, ectoderm). iPSCs thus provide
the tools to study early developmental biology in vitro and can be used for disease
modeling and drug discovery. In addition, patient-derived iPSCs offer the opportunity
to study the pathophysiology of diseases that could not be studied previously and can
be used for the development of personalized medicine. All these features further
stimulated iPSCs to become an important source of stem cells, and biobanks for
storage of healthy and patient-derived iPSCs have now been established in many
countries. However, efficient banking requires cell production facilities where cells can
be expanded, maintained and cryopreserved under optimal conditions to ensure
protection of iPSC characteristics and properties for weeks to years. In contrast to the
cryopreservation protocols developed for HSCs and MSCs, current protocols for
cryopreservation of iPSCs have focused on different issues, including freezing of cells
in small aggregates vs single cell freezing in the presence of absence of DMSO[96-99],
cell freezing using vitrification or different combinations of CPAs[100-102], cell
recovery after cryopreservation using small molecules, such as the Rho kinase (ROCK)
inhibitor Y-27632[103-105] and development of animal-component free formulations of
culture and cryopreservation media using KSR instead of serum[106-108] (Table 3).

Using Raman spectroscopy to assess intracellular ice formation in iPSCs during
cooling, Li ef al[96] showed that iPSC aggregates are more sensitive to supercooling
than single iPSCs in suspension due to the decreased water permeability of iPSCs in
aggregates vs single cells. They also showed a greater variation in DMSO concen-
tration across the aggregates than in single cells, suggesting that the size of the
aggregates may hinder equal diffusion of the cryoprotectant to the cells. They also
found that iPSC aggregates frozen in an optimized solution consisting of non-essential
amino acids, sucrose, glycerol, isoleucine and albumin dissolved in a buffer made of
poloxamer 188 (P188) in Hank’s Balanced Saline Solution, did not exhibit the same
sensitivity to undercooling as those frozen in non-optimized solutions or those
containing 7.5% DMSO[97]. In addition, cryopreservation of iPSCs in aggregates
requires a significantly modified freezing technique, where iPSC aggregates are first
incubated at room temperature for 30 min to 1 h before freezing to allow sufficient
internalization of the CPAs[97], in contrast to freezing with DMSO, which usually
requires working at low temperatures (4 °C) and rapid mixing of cells.

Miyamoto et al[100] compared the efficacy of a variety of different cryopreservation
media on an established murine iPSC line. These media consisted of control 10%
DMSO formulations to reduced DMSO solutions, glycerol-containing solutions,
combinations of DMSO and glycerol and commercially available cryopreservation
media (CELLBANKER 1, 1+, 2 and STEM-CELLBANKER) and were used to freeze
mouse iPSCs in suspension. Comparison of viability, proliferation and multipotency
after long-term freezing of iPSCs in these media showed optimal results with the
serum-free formulations of CELLBANKER (CELLBANKER 2 and STEM-
CELLBANKER)[100]. However, the precise formulations of these freezing media is
proprietary, Hank’s Balanced Saline Solution and the researchers did not mention
whether the STEM-CELLBANKER formulation used contained DMSO. Katkov et al
[98] compared freezing of iPSCs in aggregates and as single cells using different CPAs
including DMSO, ethylene glycol (EG), propylene glycol and glycerol. After extensive
comparison, they found that freezing in aggregates resulted in favorable iPSC recovery
after thawing. In addition, toxicity tests revealed that EG was not only less toxic than
DMSQ, it also supported better maintenance of pluripotency than propylene glycol or
glycerol[98].

The use of KSR as a serum replacement has shown promising results and is another
step in the development of animal component-free cryopreservation solutions. In
combination with 10% DMSO, KSR has been used at concentrations of 25%-90% to
freeze effectively iPSCs, ESCs and iPSC-derived cells with high post-thaw viability
[105,106,108,109]. Inhibition of Rho kinase activity with ROCK inhibitors has shown
favorable outcomes after freezing of both ESCs and iPSCs, and although not added
during cryopreservation itself, it promotes both plating and cloning efficiency[104,105,
108,110,111] by preventing apoptosis of detached cells[112]. Since addition of ROCK
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Table 3 Comparison of different protocols used during cryopreservation of induced pluripotent stem cells

Storage
Source of ; : AR
cell periode and  Cryopreservation Viability Parameters Results Ref.
temperature
15x10°2x  Controlled NEAA, sucrose, glycerol, Viability, adherence and P188 was found here to not only [96,
10° hiPSC rate; -196 °C isoleucine and albumin in a intracellular ice inhibit ice formation significantly ~ 97]
line UMN P188 in HBSS vs 7.5% DMSO; formation but also soften the solid-liquid
PCBC16iPS Aggregates vs single cells interface of ice and increase the
distance between adjacent ice
crystals; The cryoprotective effects
of the DMSO- free CPA cocktail
could be capitalized only with the
optimized composition. Deviation
from the optimum may result in
less desirable outcomes
H9 hESC 3-6 10% DMSO, 10% EG, 10% EG-DMSO> Toxicity of CPAs, Freezing single cell iPSCs in the [98]
and hiPSC d,controlled PG, 10% glycerol, clumpsvs PG| | | <***glycerol expression of NANOG  presence of a ROCK inhibitor and
rate; -80 °C single cells; ROCK inhibitor by hiPSCs EG and programmable freezing
after thawing drastically improved the yield of
iPSCs in comparison to standard
freezing in clumps without ROCK
inhibitor
1-2x10° -196 °C A:10% DMSO/90% FBS; B: A:90%; B: 70%; C:  Viability, karyotype, Addition of ROCK inhibitor to pre- [103,
hiPSC 10% DMSO/90% KSR; C: 70% expression of and post-thaw culture media 105,
10% DMSO/ESC medium + pluripotency markers increased survival rate, hiPSCs 108]
20%KSR + ROCK inhibitor; TRA-1-60, TRA-1-81, retained typical morphology,
Single cells Oct4, SSEA-3, and stable karyotype, expression of
SSEA-4, embryoid body pluripotency markers and the
formation, neuronal potential to differentiate into
differentiation, colony  derivatives of all three germ layers
formation after long-term culture
hiPSC -196 °C 10% DMSO in KO DMEM, Colony number and size ROCK inhibitor Y-27632 [104]
20% KSR, 1% NEAA, 1% L- significantly improves the
glutamine, 0.2% b- recovery of cryopreserved human
mercaptoethanol, 1% iPS cells and their growth upon
antibiotic/ antimycotic and 8 subculture
ng/mL bFGF; ROCK
inhibitor after thawing;
Single cells
hiPSC line 7d, VS2E vitrification solution VS2E>DAP213 Proliferation, expression Higher recovery rate of hiPSCs [114]
253G4 and Vitrification in; (40% EG, 10% PEG in Euro- of pluripotency markers with DMSO and serum-free VS2E
201B2 -196 °C Collins medium), DAP213 Oct3/4, SSEA4, ALP, vitrification medium, cells after

vitrification solution (1.2%
DMSO, 22% PG, 5.9%
acetamide); Single cells

pluripotency in
teratoma assay

vitrification expressed Oct-3/4 and
SSEA-4 and alkaline phosphatase
and retained their pluripotency

iPSC: Induced pluripotent stem cells; NEAA: Non-essential amino acids; DMSO: Dimethyl sulfoxide; CPA: Cryoprotective agents; ESC: Embryonic stem
cell; bFGF: basic Fibroblast Growth Factor; ROCK: Rho Kinase; ALP: Alkaline phosphatase; KSR: Knockout Replacement; FBS: Fetal Bovine Serum; HBSS:

Hank’s Balanced Salt Solution.

inhibitors up to 5 d after thawing still promotes colony formation, and since the effects
of ROCK inhibition appear to be reversible, it has been also been suggested that ROCK
inhibitors may relieve cellular stress[104].

Similar to studies in MSCs, the effects of magnetic fields on iPSC recovery after
freezing have been assessed. Using the CAS researchers showed improved survival
after thawing of iPSCs, but no effect on proliferation, gene expression and multilineage
differentiation[113]. Reubinoff et al[101] previously showed that vitrification of both
ESCs and iPSCs is feasible, using precooled freezing medium consisting of 90% FBS
and 10% DMSO and a cooling rate of 1 C/min. ESC aggregates were preincubated in
80% DMEM, 10% DMSO and 10% EG and then placed into small 1-2 mL droplets
containing 60% DMEM, 20% DMSO, 20% EG and 0.5 mol/L sucrose. All vitrified ESC
aggregates recovered upon thawing and gave rise to colonies after plating. However,
vitrified colonies were significantly smaller and showed increased differentiation
compared with control colonies. Nevertheless, colonies generally recovered within 1-2
d of cell culture. Using a similar method for iPSCs, but using a DMSO and serum-free
medium based on 40% EG and 10% PEG, Nishigaki ef al[114] obtained a higher
recovery rate of iPSCs than with a vitrification solution containing DMSO and serum.
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Single cells
10 x 10° cells/mL - 1000 x 10° cells/mL
Cryopreservation
2.5%-10% DMSO +/- HES, Trehalose, HSA
Controlled rate or uncontrolled rate
Long term storage -80°C -196°C

Healthy donor Patient

iPSCs/ESCs

Single cells Single cells or aggregates
0.5 x 10° cells/mL -20 x 10° cells/mL 1 x 10° cells/mL -5 x 10° cells/mL
Cryopreservation Cryopreservation or vitrification
2.5%-10% DMSO +/- FBS, HSA, KSR +/- DMSO +/- glycerol, FBS, KSR
Uncontrolled rate Uncontrolled rate
Long term storage -80°C — 196°C Long term storage -80°C — 196°C

ROCK inhibitors/small molecules during/after thawing

Figure 2 Preferred cryopreservation protocols for different types of stem cells. PB: Peripheral blood; BM: Bone marrow; UCB: Umbilical cord blood;
HSCs: Hematopoietic stem cells; DMSO: Dimethyl sulfoxide; HES: Hydroxyethyl starch; HSA: Human serum albumin; TG: Tooth germ; DP: Dental pulp; A: Adipose
tissue; WJ: Wharton Jelly; P: Placenta; MSCs: Mesenchymal stem/stromal cells; FBS: Fetal bovine serum; KSR: Knockout serum replacement; iPSCs: Induced
pluripotent stem cells; ESCs: Embryonic stem cells; ROCK: Rho-associated protein kinase.
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CONCLUSION

The universally used cryoprotectant DMSO has been associated with in vitro and in
vivo toxicity and has been shown to affect many cellular processes through dysregu-
lation of gene expression and changes in DNA methylation. Despite studies showing
that DMSO affects cell characteristics including differentiation potential, DMSO
remains to be the CPA of choice both in a research setting and in the clinics. Many
different protocols have been developed for different types of stem cells and a broad
range of alternatives to DMSO have been shown to hold promise for use as a CPA
(Figure 2). These alternatives include such molecules as trehalose, sucrose, EG, PEG
and many more. It is obvious that a single protocol that can be used for all types of
stem cells is not feasible, but the enormous amount of available alternatives should
make it possible to adapt and optimize DMSO-free and animal component and serum-
free cryopreservation solutions adapted for different types of stem cells in the
foreseeable future.
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Abstract

Small GTPases have been shown to play @ important roke in several cellular fusctions, including cytoske ketal =mode ling,
cell polarity, intracellular trahicking, cell-cycle, progression and lipid tramsformation. The Ras-associed binding (Rab)
tammily of GTPases comstitutes the larpest family of GTPases and consists of almost 70 knowa members of smadl GTPuses
in humans, which are known to play an important role in the regulation of intracellular membrane trafficking, membrane
identity, vesicke budding, uncoating, motility and fusiom of membranes. Mutations in Rab genes can cause a wide range
of inherited genetic discases, ranging from newrode penerative diseases, such as Parkizson's disesse (PD) and A bzheimer’s
disease (AD) to immune dy e gulation'deficiency syndromes, fike Griscelli Syndrome Type I (G S11) and hemophagocytic
ymphobistiocytosis (HLH), 2 well as a variety of cancers. Here, we provide anextended owerview of human Rabe, disoess-
img their function and diseases relasted to Rabs and Rab e flectors, as well as focusing on effects of (zherrant) Rab expression.
We aim to underline their importance in health and the developmest of genetic and malignant diseases by aessing their
rok in celbalar structure, == gulation, function and biology and discuss the possible wse of stem cell gene therapy, 2 well
as targeting of Rabs in order to treat malignancies, but also to momitor recarznoe of cancer and metastasis through the wse
of Rabs as biomarkers. Futus research should shed turther light om the roles of Rabs in the development of multifactorial
diseases, such as dishetes and sxsess Rabs 2x a possible treatment target.

Keywords Rab GTPases - Inberied diseases - Cancer - Stem cell - Gene theragy - Biomarkers

Introduction GTPases in humans and are known to play an important

role in the regulation of intrace lhalar membrane traftick-

Small GTPases are single chaim polypeptides, which serve
as GTP binding proteins. The small GTPase sapertamily
consists of the Ras, Rbo, Rab, Arf and Ran families |1] 2nd
play an important role in several cellular functions, incadng
cytoske ketal remodeling, a1l polarity, intrace lluksr tratick-
ing, cell-cycle progmssion, lipid transtormation and so forth
[1,2]. The first Rab gene (YPT)) was identitied in 1983 by
D.Gallwitz et al as an open reading frame between the actin
and tubulin genes in the yeast Saccheramyces cerevisiae.
The R as-associated binding (Rab) GTPases constitute the
larpest fumily of the almost 70 known members of small
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ing [3]. Rab GTPase coding 2 ax 2o divided ower several
locations in the human genome and seem to have arisen
through a series of gene duplications, =sulting in multiple
Rab GT'Pase isoformes with high sequence similarity and par-
tizdly overlapping functions. Ia addition to the vast amay of
different Rab GTPases, alternative splicing of some of the
Rab genes may resalt in even more isoforms, with difierent
abilities to bind their effectors [4]. The Rab GTPases ame
localized oa different intracellular membranes in the cell,
facing the cytosol im order to regulate the specificity and
the direction of the membrane tratficking [5, 6]. By doing
0, the Rab proteizs have been shown to not oaly control
imtracellular membrame tratficking, but also serve to 2d in
membrane identity, vesicle budding, uncoating, motility and
fusion of membranes |3, 6).1n addition, Rab GTPuses have
been shown to participate in the = gulstion of basic cellular
functions, mediaked through interactions between the Rab
GTPuses and theire ttectors. Furthermore, the Rab GTPaxses
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have also been shown to be involved in the regulation of cell
signaling, cell proliferation and survival, as well as migra-
tion. These processes take place via recruitment of effector
molecules and regulatory proteins, which affect the bind-
ing of Rab proteins to membranes and thus regulate their
activity. Examples of effector molecules that are recruited
by these Rab proteins include membrane (coat) proteins,
tethering factors, molecular motor proteins, phospholipid
modulators, kinases, phosphatases and others [7, 8].

Mutations in the genes that encode Rab GTPases and
result in altered proteins and/or protein interactions are asso-
ciated with a number of inherited diseases, such as immune
deficiencies, hereditary blindness and mental retardation
and may be a contributing factor in the development of
multifactorial diseases, such as neurodegenerative diseases,
malignancies, inflammatory diseases, obesity and diabetes
[7,9-11].

A better understanding of the interactions between the
Rab GTPases and their effectors and their role in the devel-
opment of Rab-related diseases is crucial to determine new
treatment targets and to develop novel therapeutic strate-
gies. Therefore, we aim to provide a comprehensive over-
view of the roles of the different Rabs in the development
of genetic and acquired diseases by assessing their role in
cellular structure, regulation, function and biology and we
summarize preliminary data that may support their possible
use as target for (stem cell) gene therapy.

Function, evolution and structure of Rab
proteins

The number of Rab GTPases has been shown to vary widely
among species, and in humans, currently 70 Rabs, belonging
to 44 subfamilies have been identified. Among all the Rab
GTPases, almost 75% is involved in endocytic trafficking,
serving as post office molecules. They are generally found
firmly located in the bilayer, where they specify the spa-
tial and temporal identity, direction and function of vesicles
and organelles. Although Rabs belonging to functional sub-
groups often cooperate, their functions are not always redun-
dant. Evolutionary assessment of the Rab genomes supports
the diversification of Rabs from their last eukaryotic com-
mon ancestor (LECA) into 6 functionally distinct subgroups
that are involved in secretion (I), early endosomes (II), late
endosomes (III), recycling of endosomes to the surface (IV),
recycling of endosome to the Golgi complex (V) and traf-
ficking associated with cilia/flagella (VI) [12]. Although the
LECA must have had at least 20 different Rabs, most of
these Rabs have been shown to be dispensable during evo-
lution, with only five Rabs (i.e., Rabl, Rab5, Rab6, Rab7
and Rabl11), each one belonging to a different group, being
conserved throughout all eukaryotic genomes and being

@ Springer

likely essential for proper functioning [12]. Of these Rabl
and Rab6 are located in the Golgi apparatus, whereas Rab35,
Rab7 and Rabl1 are involved in endo- and phagocytosis
(Table 1, Fig. 1). Changes in the expression of the essential
Rab genes directly affect physiological membrane trafficking
and may cause dysregulation of multiple intracellular signal-
ing pathways that control the balance between cell survival,
cell proliferation and cell death.

All Rab proteins consist of conserved globular G motifs
(guanine moiety binding motifs, Rab family specific motifs,
Rab subfamily specific motif, C-terminal interacting motif,
geranylgeranylation motif) and structural elements (consist-
ing of switch regions, complementary determining regions
and a hypervariable C-terminal domain) [5, 8, 13]. In addi-
tion to the small GTPases, a separate group of large Rab
GTPases, consisting of RAB44, RAB45 and RAB46 has
been described (reviewed by Tsukuba et al.) [14]. These
large Rabs have a size of about 70—150 kDa (in contrast to
the small GTPases with a MW of 20-30 kDa) and consist
of several isoforms that arise as a result of splicing variants,
with long (L) and short (S) versions of the same protein
that may show a different distribution pattern, but share a
similar function (Table 1). The group of large Rab GTPases
is structurally characterized by the presence of a common
structural domain, consisting of an amino-terminal EF-hand
domain (EFD), a coiled-coil domain (CCD), and a carboxy-
terminal Rab domain.

Rab GTPase activation and molecular switch

As described above, most Rabs are typical Ras-like small
GTPases that function as membrane-bound molecular
switches. All Rabs have a GTPase domain that contains a
C-terminal prenylation motif, where hydrophobic molecules
can be added onto the protein, and which supports Rab anchor-
ing to cellular membranes [15]. In order to perform their func-
tion, all Rabs bind to the Rab escort protein (REP) first, after
which they are prenylated at their C-terminal cysteine residues
by Rab geranylgeranyl-transferase (RabGGTase). The Rabs
are then transferred to their respective internal membranes.
Here, the Rabs function as nucleotide-dependent switches that
are activated (ON), when they are bound to GTP and inactive
(OFF) when GTP is hydrolyzed to GDP [8] (Fig. 2). Usually,
inactive GDP-bound Rabs are activated by Guanine Nucleo-
tide Exchange Factors (GEFs), which recognize-specific resi-
dues in the switch region. To initiate the signaling cascade, the
activated GTP-bound Rab needs to bind to an effector protein.
The only exception to this rule is the effector protein protru-
din, which binds to the inactive GDP-bound form of Rab11
to become functional [16]. Reversion from the active state to
the non-active state is mediated by GTPase-Activating Pro-
teins (GAPs), which display conserved arginine and glutamine
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Fig. 1 Localization of Rab GTPases in the cell Each Rab GTPase has a specific role and localization within the cells where it regulates spatial

and temporal identity, direction and function of vesicles and organelles
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Fig.2 Rab GTPases Ras related protein in brain (Rab) GTPases func-
tion as membrane-associated molecular switches that are ON in the
GTP-bound (active) form and OFF in the GDP-bound (inactive) form.

residues that can accelerate the catalysis. GDP Dissociation
Inhibitors (GDI) can bind to the prenylated lipids, inhibiting
GDP release from the Rabs and stabilizing them in their inac-
tive state [15].

The role of Rab proteins in healthy cells
Based on the presence of different combinations of Rabs

within specific cells, the Rab GTPases regulate differ-
ent physiological functions within distinct types of cells,
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Inactive Rab

Effector
protein
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REP Rab escort protein; GDI GDP dissociation inhibitor; GEF gua-
nine nucleotide exchange factors; GAP GTPase-activating proteins

including regulation of cytoskeletal remodeling, cell
polarity, intracellular trafficking from and to the ER and
Golgi apparatus, and cell-cycle progression. However, Rab
GTPases are also responsible for cell—cell interactions. In
order to perform all these different functions flawlessly,
they have to recruit a specific effector to switch from an
inactive, GDP-bound to an active, GTP-bound state. For
example, active Rab proteins interact with motor proteins,
such as actin filaments and microtubules, to regulate vesi-
cle transport, cell maturation, cell proliferation and cell
migration.
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Whereas most Rab GTPases are characterized by a ubiqg-
uitous tissue expression, some Rabs are particularly highly
expressed in the nervous system, where they play a critical
role. These Rab have been shown to be involved in neu-
rotransmitter release (Rab8), neurite outgrowth (Rabl13,
Rab22, Rab29, Rab35), neuronal maturation (Rab8), cell
migration (Rab18, Rab21, Rab35, Rab40), differentiation
(Rab8, Rab44), normal functioning/regeneration (Rab3,
Rab5, Rab7, Rab10, Rab13, Rab17, Rab27) and, as a con-
sequence, mutations in these Rabs have been associated with
the development of specific neurological syndromes, defi-
cits and/or neurodegenerative diseases, caused by aberrant
protein folding, vesicle trafficking, and secretion (Table 1).

Similarly, defects in Rab GTPases involved in innate/
adaptive immunity and inflammation, e.g., regulation of
mast cell degranulation, neutrophil granule maturation,
granule docking and priming, lytic granule exocytosis
(Rab27a), fusion of early endosomes with phagosomes
(Rab5, Rabl14, Rab20, Rab22A), late phagosomes (Rab7
and Rab34), phagosome maturation (Rab7, Rab20, Rab22b,
Rab32, Rab34, Rab38 and Rab43), macropinocytosis (Rab3,
Rab7, Rab20, Rab34) [17], lysosome/phagosome fusion
(Rab34) [18, 19], autophagy (Rab7, Rab12, Rab24, Rab25,
Rab26, Rab33, Rab37, Rab39a), and modulation of viral/
bacterial infections (Rabl, Rab6, Rab20, Rab26, Rab27a,
Rab33a, Rab34, Rab35), may result in immune deficien-
cies, autoimmunity, increased susceptibility to infections and
asthma/COPD (reviewed by Prashar et al.) [20]. In addition,
responses to and severeness of infectious diseases caused
by intracellular microorganisms are strongly dependent on
the function of endocytic Rabs and altered Rab expression
affects both effective host defenses and the pathogens life
cycle and survival [21].

In addition to the above, Rabs also play a critical role
during embryonic development and stem cell differentiation,
starting from their role in germline stem cells (Rab6) [22]
and cell migration (Rab7b, Rab18, Rab21, Rab35) [23-26]
to their role in the development of the brain (Rab7a, Rab8,
Rab10, Rab13, Rab17, Rab22, Rab35) [27-33] and adult
stem cells (Rab5, Rab8, Rab44). Furthermore, Rab2 and
Rab3 have been shown to play an important role in the devel-
opment of functional sperm cells. Development of novel
(stem cell-directed) therapies that target these Rabs or their
respective effectors may be helpful in the treatment, preven-
tion or diagnosis of Rab-associated diseases.

Role of Rabs in the development of genetic
diseases

Due to the important role of the Rab proteins in healthy cell
physiology and embryonic development, any interference
with Rab function or activity due to mutations in the Rab

proteins or its direct effectors may result in the development
of genetic diseases. The effects of Rab mutations depend
not only on Rab tissue distribution and expression, but also
strongly on the presence of other Rabs that may have arisen
evolutionarily through gene duplication and may display
(partially) overlapping functions (eg Rab3) [52]. Although
discussion of all Rabs is impossible, we will give a brief
summary here of diseases related to the absence/malfunc-
tioning of some specific Rabs. However, it should be kept in
mind that although strong associations between changes in
Rab expression and diseases can be found, in many diseases
it remains unclear whether these changes in Rab expression
are cause or result of the disease.

A selection of mutations in Rab genes that have been
directly linked to the development of a specific genetic dis-
eases will be discussed here in more detail. The RAB27a
GTPase regulates secretion of cytolytic granules by bind-
ing to its effector MUNC13-4 [199]. Mutations in either
RAB27a or MUNC13-4 may result in the development of
Griscelli Syndrome Type 2 (GS-2) with or without accompa-
nying primary hemophagocytic lymphohistiocytosis (HLH)
[200]. GS-2 is clinically characterized by the presence of a
combined immune deficiency, caused by the loss of cyto-
toxic killing activity in T and NK cells [200] and a low neu-
trophil number and function [201]. If the RAB27A mutation
interferes with Melanophilin (MLPH/SLAC2-A) binding as
well, this immune deficiency may be further accompanied
by the typical partial albinism that occurs as a result of a
defect in melanosome transport and results in silver/gray
hair [199, 202].

RAB7a is found in late endosomes and does not only
play a role in the regulation of endocytosis, autophagy,
and neurite outgrowth, it is also involved in the process of
inducing an effective immune response against pathogens
through its role in phagocytosis, microbial pathogen infec-
tion and the viral life cycle [136]. Mutations in the gene for
RAB7a are directly associated with Charcot-Marie-Tooth
type 2B (CMT2B) disease [203]. CMT2B is an autosomal
dominantly inherited peripheral neuropathy, which develops
in the teenage years and is characterized by chronic axonal
degeneration with subsequent loss of nerve fibers, causing
distal muscle weakness, atrophy, sensory loss, loss of deep-
tendon reflexes, infections, and foot ulcers that may require
(partial) amputation because of recurring infections [204].

Both Warburg Micro and Martsolf syndromes are autoso-
mal-recessive developmental disorders and have been linked
to mutations in RAB genes and/or RAB GTPase-activating
proteins (GAP) [96, 205, 206]. Although both diseases show
high similarity and are characterized by ocular and neurode-
velopmental symptoms, including mental retardation and
development of childhood cataracts, symptoms are generally
more severe in Warburg Micro syndrome. The RAB3 pro-
teins modulate secretion of neurotransmitters and hormones
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and are regulated by RAB3 GTPase-activating proteins
(RAB3GAP) [207, 208]. RAB3GAPI and RAB3GAP2
encode, respectively, the catalytic and non-catalytic subu-
nits of the RAB3 GTPase-activating protein and mutations
in these genes have been directly linked to Warburg Micro
syndrome. Linking studies in patients with similar symp-
toms but without these RAB3GAP1/2 mutations revealed
the involvement of another RAB, i.e., RAB18. RAB3GAP1
and RAB3GAP2 form a RAB3GAP complex, which in turn
functions as a RAB18GEF [96]. Studies in mice have shown
that Rab18 is a critical regulator of neuronal migration and
morphogenesis of the developing cerebral cortex [24] and
consequently, loss-of-function mutations in the RABI8 have
been associated with about 50% of Warburg Micro syndrome
cases [96].

Other diseases related to loss-of-function mutations in
Rabs that are not further discussed here are autosomal-
recessive Carpenter syndrome (RAB23) [145] and X-linked
mental retardation associated with autism, epilepsy, and
macrocephaly, and early onset X-linked Parkinson’s disease,
which are both caused by mutations in RAB39b [169, 170]
(Table 1).

Rab mutations can also (in)directly affect disease (pro-
gress) by independently contributing to the development of
multifactorial neuronal diseases, such as Alzheimer’s disease
(Rab3a, Rab4, Rab5, Rab6, Rab7, Rab10, Rab21) [29, 62],
Parkinson’s disease (Rab10, Rab29, Rab32, Rab39B) [148,
149, 153, 170], Huntington’s disease (Rab4, Rab5, Rabs8,
Rabl1) [28, 176, 183, 184, 209] and metabolic diseases,
such as diabetes (involvement of Rabla, Rab2a, Rab3, Rab7,
Rab8a, Rab11b, Rab26, Rab27a, Rab37, reviewed by Gen-
daszewska—Darmach et al.) [210].However, in these cases,
disease progression and prognosis are not always related to
loss-of-function mutations: e.g., overexpression of RABS
and RAB7a has been reported in hippocampal neurons from
patients with Alzheimer’s disease (AD) [211, 212]. Further-
more, overexpression of other Rabs, such as RAB1 for exam-
ple, has been shown to confer relative protection against
the development of Amyotrophic Lateral Sclerosis (ALS)
[213] and Parkinson’s disease (PD) [214], RAB3b, which
has been shown to protect dopaminergic neurons [215] or
RABA4a, which is able to rescue synaptic defects and improve
lifespan, and locomotor skills in Huntington’s disease [176].
Similarly, increased Rab expression has been found to ame-
liorate the clinical phenotype in a range of disease models
[13, 15, 16, 199].

In addition to mutations in the Rabs themselves, muta-
tions in Rab-related proteins are also associated with (par-
tial) dysfunction of Rab proteins or changes in Rab activ-
ity, e.g., mutations in Rab escort protein-1 (REPI) result
in X-linked choroideremia blindness, due to the absence of
functional RAB27A in the retinal pigment epithelium [216,
217], mutations in the geranylgeranyl-transferase (GGT)

@ Springer

of Rab32/38 causes Hermansky—Pudlak syndrome [154]
and malfunctioning of Rab GDP dissociation inhibitor-a
(RabGDI-a) causes human X-linked mental retardation with
epileptic seizures.

Together these data further underline the importance
of intracellular membrane trafficking in the etiology of a
wide range of diseases [57]. In addition, since altered Rab
expression is often associated with disease progression and
prognosis, better insight in the roles of Rabs, identification
of new Rab effectors and other Rab interacting proteins will
inevitably have an important impact on a better understand-
ing of the diseases and the identification of novel treatment
targets. Future therapies targeting these Rabs (through sup-
pression or overexpression) and their downstream signaling
partners could be helpful in the development of new treat-
ment options for these specific diseases.

Rabs as treatment target for treatment
of Rab-related inherited diseases

Most Rab GTPases display ubiquitous tissue expression
and therefore diseases related to mutations in Rabs often
affect multiple systems at the same time (Table 1). In most
cases, treatment is therefore symptomatic, e.g., support of
the immune system with IvIg infusions and antibiotics, or
anti-epileptic medication for diseases with neurological
involvement and epilepsy. None of these treatments however
are curative. For Rab-related diseases, where the absence of
Rab expression only affects a few tissues, such as is the case
with GS-2 (RAB27a) or X-linked early onset Parkinson’s
disease (RAB39b), development of gene therapy could have
therapeutic and clinical potential. The rarity of these type of
mutations however, greatly impacts the possibilities for the
development of novel (stem cell) gene therapy treatments.
Recently, biobanks and biobanking projects have started to
offer the use of patient-derived-induced pluripotent stem
cells (iPSCs) that can be propagated indefinitely and can be
used for human disease modeling and development of novel
therapies. For both GS-2 [218, 219] and X-linked early onset
Parkinson’s disease [220] iPSC lines have recently been gen-
erated. However, a corrective gene therapy for these diseases
is still under development [221].

Currently, the most effective gene therapy for Rab-related
diseases is not actually targeting a Rab, but rather the Rab
escort protein-1 (REP1). Choroideremia (CHM), an X-linked
retinal degeneration of photoreceptors is caused by loss-of-
function mutations in REPI. Using an AAV2 vector carrying
the REP] gene, researchers showed the ability of the vector
to effectively transduce human photoreceptors in vitro and
CHM mouse retinas in vivo [222]. Using patient-derived
lymphoblasts and iPSCs, the effectivity of the AAV2 con-
structs was confirmed [223], leading to the initiation of a
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clinical trial [224]. An independent study using lentiviral
vectors to transfer REP1 has also shown promise [225].

Primary HLH is characterized by uncontrolled inflamma-
tion and immune dysregulation and can be caused by a muta-
tion in RAB27a. Previous success with the development of
retroviral and lentiviral gene therapy for immune disorders
and immune deficiencies has paved the way for the develop-
ment of gene therapy for HLH/GS-2 [219, 226, 227].How-
ever, thus far pre-clinical gene therapy studies have focused
on using retroviral vectors encoding the genes for Perforin
and MUNC13-14, but not yet RAB27a. Development of
gene therapy for CMT has only recently been initiated using
AAV mediated delivery of neurotrophin-3 directly to muscle
[228].However, vectors carrying the RAB7a gene have not
been developed yet. Similarly, lentiviral gene therapy for
Hermansky—Pudlak syndrome (HPS), directed at transfer of
BLOC-3 (a Rab32/38-GEF) to the lungs, bone marrow and
the gastrointestinal system has recently gained some interest
[229, 230] and shown some promise after efficient transduc-
tion of HPS patient-derived melanocytes. Thus, development
of gene therapy for selected Rab-related monogenic diseases
may be feasible in the future and may offer an alternative
solution to otherwise untreatable diseases.

Role of Rabs in the development
or progression of cancer

Mutations in Rab genes that result in aberrant Rab expres-
sion, alternative splicing variants, morphological changes in
the Rab proteins affecting interaction with Rab effectors, or
post-translational modifications of Rab proteins have been
shown to cause functional impairments that may contribute
to tumorigenesis and metastasis. Interestingly, different Rabs
have been shown to be able to serve as oncogenes, as well as
tumor-suppressor genes (reviewed by Krishnan et al. 2020)
[231]. Because of the broad involvement of Rab proteins in
the regulation of apoptosis, cell proliferation and survival
of healthy cells, their role in the development and progres-
sion of cancer should not be underestimated. Below, we will
give a brief overview of the most commonly observed can-
cers related to aberrant Rab signaling (also summarized in
Table 2).

Brain cancer

RAB3a is involved in synaptic vesicle trafficking in the
healthy brain. Elevated RAB3a expression in glioma cell
lines and primary astrocytes is associated with increased cell
proliferation and overexpression of RAB3a has been shown
to increase the tumorigenicity of glioma cells, p53-/- astro-
cytes and the expression levels of various stem cell markers
[235]. In addition, cells became resistant to irradiation and

a variety of anti-cancer drugs. RAB3b expression was cor-
related with the severity of the gliomas, with high-grade
gliomas expressing significantly higher levels of RAB3b
than low-grade gliomas. Silencing of RAB3b was shown
to inhibit glioma proliferation through cell-cycle arrest and
induction of apoptosis [236]. RAB21 is also overexpressed
in glioma cells and suppression of RAB21 has been shown
to decrease glioma proliferation and induce expression of
apoptosis-related proteins, such as Caspase7, BIM, and BAX
[250]. RAB42 and RAB42 have been shown to be highly
expressed in, respectively, glioblastoma and glioma cells
and expression levels were directly correlated with a poor
prognosis [265, 266].

Lung cancer

Invasiveness and metastasis of lung carcinoma cells trig-
gered by hypoxia depends on RABS expression [241]. In
some cases downregulation of the tumor suppressive abili-
ties of Rabs has been shown to result in a poorer progno-
sis. For example, tissue inhibitor of metalloproteinase 1
(TIMP1) is carried by RAB37 and inhibits extracellular
matrix turnover. Dysfunction or low expression of RAB37
or TIMP1 has been observed to support metastasis and result
in poor survival [264]. Similarly, downregulation of RAB17
has been shown to promote cell invasion and enhance tumo-
rigenicity of non-small cell lung cancer [190].

Gastric cancer

Increased RAB13 expression in gastric cancer cells has been
associated with poor overall survival. Functional deletion
of RAB13 has been shown to inhibit proliferation of gastric
cancer cells and induce apoptosis [245].

Colorectal cancer

RAB3c has been found to be overexpressed in colorectal
cancer tissue and increased expression was associated with
risk of metastasis [237]. Similarly, RAB3d expression in
colorectal cancer cells was increased and expression levels
correlated with tumor size, lymphatic metastases and distant
metastases [239]. Overexpression of RAB17 in colorectal
cancer cells was shown to directly accelerate cancer cell pro-
liferation [249]. In contrast, RAB31 expression in late-stage
colorectal cancer cells affects the cancer stem cell niche by
increasing cancer-associated fibroblasts, thus promoting fur-
ther growth of the cancer cells [262, 267].

Pancreatic cancer

Several Rabs have been shown to play a role in the devel-
opment or progression of pancreatic cancer. RAB3a,
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Table 2 Relation between expression of Rabs, their use as a biomarker and effects on the development/progression of cancer

Rab protein Cancer Type Biomarker Expression/Metastasis References
RablA Prostate Downregulation; metastasis [232]
Bladder cancer Upregulation; metastasis [233]
Liver Upregulation; malignant growth, invasion, migration, [232]
metastasis
Rab2A Breast Upregulation; poor prognosis and relapse [234]
Rab3A Brain (glioma) Upregulation; anti-cancer drug resistance, tumorigenesis and [235]
cancer stemness
Rab3B Brain (glioma) Silencing; inhibits proliferation and induces apoptosis [236]
Rab3C Colon Upregulation; distant metastasis and poor prognosis [237]
Rab3D Breast (Triple Negative) Tumor progression, diagnosis [238]
Colorectal guidance in cancer diagnosis Upregulation; metastasis and invasion [239]
and treatment
Rab4 Breast Cooperation with Rab3, responsible for the invadosome [240]
Rab5 Breast (triple negative) ~ Lymph node marker Upregulation; metastasis and tumor cell migration, poor [240, 241]
prognosis
Lung Upregulation; invasiveness and metastasis [241]
Rab7 Pancreas Prognosis Upregulation; poor prognosis [242]
Rab9 Breast (triple negative)  Potential inhibitor therapy Promotes proliferation, migration [243]
Rabl1 Breast FIP1C; poor prognosis, downregulation may cause meta- [244]
static behavior
Rabl3 Gastric Upregulation; poor survival. Rab13GEF promotes metasta-  [245, 246]
sis and tumorigenesis
Rabl14 Gastric Upregulation; metastasis. Potential therapeutic target for [188, 247]
treating metastases
Rabl7 Liver Normal expression; Rab17 acts as a tumor-suppressor [248]
(reduced tumorigenic properties)
Lung (NSCLC) Downregulation; promotes cell invasion and enhances [190]
tumorigenicity
Colon Upregulation; cancer proliferation [249]
Rab21 Brain Upregulation; poor prognosis and tumorigenesis [250]
Rab23 Breast Upregulation; inhibits growth and proliferation [251]
Bladder Upregulation; invasiveness and metastasis [252]
Rab25 Breast Regulates apoptosis [253, 254]
Ovarian Regulates apoptosis [255, 256]
Rab27A Liver Upregulation; metastasis and reduced survival rate [257]
Prostate Downregulation; aggressiveness and relapse [258, 259]
Rab27B Breast Upregulation; poor prognosis [260]
Liver Upregulation; reduced overall survival [257]
Rab31 Breast Upregulation; poor prognosis [261]
Colon Promote cancer growth [262, 263]
Rab37 Lung Downregulation; poor prognosis and metastasis [264]
Rab42 Brain (glioma) Upregulation; poor prognosis [265]

RAB21, RAB22a, RAB25 and RAB26 were all shown
to be overexpressed in pancreatic cancer cells [68, 235,
250, 268]. In addition, overexpression of both RAB27a
and RAB27b has been shown to be correlated with poor
overall survival in pancreatic cancer [269, 270]. There-
fore, downregulation of RAB27a and RAB27b has been
suggested as a way to induce apoptosis in pancreatic
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ductal carcinoma cells [271]. Similarly, downregula-
tion of RAB38 (which is highly expressed in pancreatic
adenocarcinoma cells and promotes cell proliferation)
was shown to suppress pancreatic cell proliferation and
metastasis [272]. Upregulation of RAB7A in pancreatic
adenocarcinoma cells has been linked to a poor prognosis
as well [242].
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Bladder cancer

RAB1a has been found to be overexpressed in bladder can-
cer cells and its expression was positively correlated with
tumor size and risk of metastasis [233]. Increased RAB23
and RAB27 expression has also been linked to bladder can-
cer by activation of the NF-kB signaling pathway and knock-
down of these Rabs has been shown to result in inhibition of
cell growth and invasion [252, 273].

Breast and ovarian cancer

Many Rabs have been shown to be involved in the develop-
ment or progression of breast cancer. Some of these Rabs
have been demonstrated to specifically promote breast
cancer invasiveness by regulating endocytic recycling of
membrane type 1 matrix metalloproteinase MT1-MMP,
e.g., RAB2a [234], by increasing MT1-MMP activation
(RAB4 and RAB5S) [240], by promotion of epithelial-to-
mesenchymal transition (RAB3d) [238] or by regulation of
a6p4 integrin trafficking (RAB11) [274]. Other Rabs have
been shown to modulate breast cancer cell proliferation and
survival by inhibition of apoptosis (RAB9) [243]. RAB23
has been shown to inhibit growth and proliferation of breast
cancer cells by inhibiting DNA synthesis and induction of
apoptosis [251], whereas RAB25 regulates apoptosis in
both breast and ovarian cancer [254, 275]. Overexpression
of RAB15, RAB27b and RAB31 is associated with a poor
prognosis in both breast and ovarian cancer [260, 261, 276].

Prostate cancer

Both RAB27 and RAB28 are downregulated in advanced
prostate cancer and their expression levels are inversely cor-
related with the severity of the cancer [259]. In contrast,
RAB3D expression was found to be increased in prostate
cancer cells and supports relapse of prostate cancer. Mecha-
nistically, it has been shown that the NKX3-1 homeobox
gene, which is involved in prostate cancer progression, and
androgen receptors (AR) regulate each other in a feed-for-
ward regulatory loop and promote prostate cancer cell sur-
vival through overexpression of RAB3b [258].

Miscellaneous

As described above, due to their tissue-wide spread expres-
sion pattern, mutations in Rabs have been shown to affect
many important cell systems. Upregulation of Rabs that
function as oncogenes or downregulation of Rabs that func-
tion as tumor-suppressor genes both have been related to the
development of many different types of cancer. Although the
Rabs involved in the development of the most commonly
occurring malignancies have been described above, some

Rabs deserve separate mentioning. Gene expression analysis
studies have shown increased expression of RAB45/RASEF
in a variety of cancer cells, including myeloid leukemia,
uveal malignant melanoma, colorectal cancer, lung cancer
and breast cancer [14]. Detection of RAB39B expression in
diffuse large B-Cell lymphoma has shown promise for its
use as a chemosensitivity-related biomarker of progression
[277]. Lastly, Rab35 has been linked to the development
of several cancers, such as breast and lung cancer, due to
its involvement in cell migration and activation of the Akt
signaling pathway [278].

Conclusions

Tight regulation of Rab expression and its effectors is impor-
tant to maintain cellular homeostasis. Genetic diseases
related to loss-of-function mutations in Rabs affect multi-
organ systems and may become apparent during embryonic
development, affecting development of the brain and eye and
the musculoskeletal system. Others may reveal themselves
later and result in immune dysregulation or slowly progres-
sive diseases and neurodegenerative syndromes. In addition,
aberrant expression of multiple Rabs has been shown to be
strongly linked to the development of many types of malig-
nancies. Targeting the Rabs for the treatment of inherited
genetic diseases using stem cell gene therapy shows great
potential, but is still in its infancy. Monitoring of Rabs as
tumor-specific biomarkers to measure tumor progression,
distant metastases and the effects of treatments also shows
great promise (Table 2). Lastly, targeting of cancer-related
Rabs with miRNAs to control their expression levels will
show its effects in the coming decade.

Acknowledgements This work was supported by grants from the
Hacettepe University, Scientific Research Coordination Unit project
nr. TUK-2019-17760 and THD-2022-19940 and the Scientific and
Technological Research Council of Turkey (TUBITAK) project nr.
219S675.

Author contributions ODE and SS: drafted the first version of the arti-
cle; FA-K: designed the manuscript, reviewed the contents and wrote
the final version of the article to be published; all authors have read and
approved the final manuscript.

Data availability Not applicable.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethical approval Not applicable.

Consent to participations Not applicable.

@ Springer



Molecular and Cellular Biochemistry

Consent to publications Not applicable.

References

10.

11.

12.

13.

15.

16.

17.

18.

Claing A (2013) Beta-arrestins: Modulators of small gtpase acti-
vation and function. Prog Mol Biol Transl Sci. https://doi.org/10.
1016/B978-0-12-394440-5.00006-1

Song S, Cong W, Zhou S, Shi Y, Dai W, Zhang H, Wang X, He
B, Zhang Q (2019) Small gtpases: structure, biological function
and its interaction with nanoparticles. Asian J Pharm Sci. https://
doi.org/10.1016/j.ajps.2018.06.004

Zhen Y, Stenmark H (2015) Cellular functions of rab gtpases at
a glance. J Cell Sci. https://doi.org/10.1242/jcs.166074

Echard A, Opdam FJ, de Leeuw HJ, Jollivet F, Savelkoul P,
Hendriks W, Voorberg J, Goud B, Fransen JA (2000) Alterna-
tive splicing of the human rab6a gene generates two close but
functionally different isoforms. Mol Biol Cell. https://doi.org/10.
1091/mbe.11.11.3819

Stenmark H, Olkkonen VM (2001) The rab gtpase family.
Genome Biol. https://doi.org/10.1186/gb-2001-2-5-reviews3007
Stenmark H (2009) Rab gtpases as coordinators of vesicle traffic.
Nat Rev Mol Cell Biol. https://doi.org/10.1038/nrm2728
Guadagno NA, Progida C (2019) Rab gtpases: switching to
human diseases. Cells. https://doi.org/10.3390/cells8080909
Pylypenko O, Hammich H, Yu IM, Houdusse A (2018) Rab
gtpases and their interacting protein partners: structural insights
into Rab functional diversity. Small GTPases. https://doi.org/10.
1080/215412481336191

Li G (2011) Rab gtpases, membrane trafficking and diseases.
Curr Drug Targets. https://doi.org/10.2174/138945011795906
561

Mitra S, Cheng KW, Mills GB (2011) Rab gtpases implicated in
inherited and acquired disorders. Semin Cell Dev Biol. https://
doi.org/10.1016/j.semedb.2010.12.005

Corbeel L, Freson K (2008) Rab proteins and rab-associated pro-
teins: Major actors in the mechanism of protein-trafficking disor-
ders. Eur J Pediatr. https://doi.org/10.1007/s00431-008-0740-z
Klopper TH, Kienle N, Fasshauer D, Munro S (2012) Untan-
gling the evolution of rab g proteins: implications of a compre-
hensive genomic analysis. BMC Biol. https://doi.org/10.1186/
1741-7007-10-71

Lee SH, Baek K, Dominguez R (2008) Large nucleotide-depend-
ent conformational change in rab28. FEBS Lett. https://doi.org/
10.1016/j.febslet.2008.11.008

Tsukuba T, Yamaguchi Y, Kadowaki T (2021) Large Rab gtpases:
Novel membrane trafficking regulators with a calcium sensor and
functional domains. Int J Mol Sci. https://doi.org/10.3390/ijms2
2147691

Srikanth S, Woo JS, Gwack Y (2017) A large Rab gtpase family
in a small gtpase world. Small GTPases. https://doi.org/10.1080/
215412481192921

Shirane M, Nakayama KI (2006) Protrudin induces neurite for-
mation by directional membrane trafficking. J Sci. https://doi.org/
10.1126/science.1134027

Egami Y, Taguchi T, Maekawa M, Arai H, Araki N (2014) Small
gtpases and phosphoinositides in the regulatory mechanisms of
macropinosome formation and maturation. Front Physiol. https://
doi.org/10.3389/fphys.2014.00374

Kasmapour B, Cai L, Gutierrez MG (2013) Spatial distribution
of phagolysosomes is independent of the regulation of lysosome
position by rab34. Int J Biochem Cell Biol. https://doi.org/10.
1016/j.biocel.2013.07.003

@ Springer

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kasmapour B, Gronow A, Bleck CK, Hong W, Gutierrez MG
(2012) Size-dependent mechanism of cargo sorting during lyso-
some-phagosome fusion is controlled by rab34. Proc Natl Acad
Sci U S A. https://doi.org/10.1073/pnas.1206811109

Prashar A, Schnettger L, Bernard EM, Gutierrez MG (2017) Rab
gtpases in immunity and inflammation. Front Cell Infect Micro-
biol. https://doi.org/10.3389/fcimb.2017.00435

Seabra MC, Mules EH, Hume AN (2002) Rab gtpases, intracellu-
lar traffic and disease. Trends Mol Med. https://doi.org/10.1016/
s1471-4914(01)02227-4

Bardin S, Miserey-Lenkei S, Hurbain I, Garcia-Castillo D,
Raposo G, Goud B (2015) Phenotypic characterisation of rab6a
knockout mouse embryonic fibroblasts. Biol Cell. https://doi.org/
10.1111/boc.201400083

Borg M, Bakke O, Progida C (2014) A novel interaction between
rab7b and actomyosin reveals a dual role in intracellular transport
and cell migration. J Cell Sci. https://doi.org/10.1242/jcs.155861
Wu Q, Sun X, Yue W, Lu T, Ruan Y, Chen T, Zhang D (2016)
Rab18, a protein associated with warburg micro syndrome, con-
trols neuronal migration in the developing cerebral cortex. Mol
Brain. https://doi.org/10.1186/s13041-016-0198-2

Hooper S, Gaggioli C, Sahai E (2010) A chemical biology screen
reveals a role for rab21-mediated control of actomyosin contrac-
tility in fibroblast-driven cancer invasion. Br J Cancer. https://doi.
org/10.1038/sj.bjc.6605469

Giridharan SS, Cai B, Naslavsky N, Caplan S (2012) Traffick-
ing cascades mediated by rab35 and its membrane hub effector,
mical-11. Commun Integr Biol. https://doi.org/10.4161/cib.20064
He YD, Liu DD, Xi DM, Yang LY, Tan YW, Liu Q, Mao HM,
Deng WD (2010) Isolation, sequence identification and expres-
sion profile of three novel genes rab2a, rab3a and rab7a from
black-boned sheep (Ovis aries). Mol Biol (Mosk) 44(1):20-27
Delfino L, Mason RP, Kyriacou CP, Giorgini F, Rosato E (2020)
Rab8 promotes mutant htt aggregation, reduces neurodegen-
eration, and ameliorates behavioural alterations in a drosophila
model of huntington’s disease. J Huntingtons Dis. https://doi.org/
10.3233/JHD-200411

Yan T, Wang L, Gao J, Siedlak SL, Huntley ML, Termsarasab P,
Perry G, Chen SG, Wang X (2018) Rab10 phosphorylation is a
prominent pathological feature in alzheimer’s disease. J Alzhei-
mers Dis. https://doi.org/10.3233/JAD-180023

Sakane A, Honda K, Sasaki T (2010) Rab13 regulates neurite
outgrowth in pc12 cells through its effector protein, jrab/mical-12.
Mol Cell Biol. https://doi.org/10.1128/mcb.01067-09

Mamoor S (2022) Differential expression of rab17 in amyo-
trophic lateral sclerosis. OSF Preprints. https://doi.org/10.31219/
osf.io/fmvér

Wang L, Liang Z, Li G (2011) Rab22 controls ngf signaling and
neurite outgrowth in pc12 cells. Mol Biol Cell. https://doi.org/
10.1091/mbc.E11-03-0277

Sheehan P, Zhu M, Beskow A, Vollmer C, Waites CL (2016)
Activity-dependent degradation of synaptic vesicle proteins
requires rab35 and the escrt pathway. J Neurosci. https://doi.org/
10.1523/jneurosci.0725-16.2016

Saraste J, Lahtinen U, Goud B (1995) Localization of the small
gtp-binding protein rab1p to early compartments of the secretory
pathway. J Cell Sci 108(4):1541-1552

Haas AK, Yoshimura S, Stephens DJ, Preisinger C, Fuchs E,
Barr FA (2007) Analysis of gtpase-activating proteins: Rabl
and rab43 are key rabs required to maintain a functional golgi
complex in human cells. J Cell Sci. https://doi.org/10.1242/jcs.
014225

Zenner HL, Yoshimura S, Barr FA, Crump CM (2011) Anal-
ysis of rab gtpase-activating proteins indicates that rabla/b
and rab43 are important for herpes simplex virus 1 secondary
envelopment. J Virol. https://doi.org/10.1128/jvi.00500-11


https://doi.org/10.1016/B978-0-12-394440-5.00006-1
https://doi.org/10.1016/B978-0-12-394440-5.00006-1
https://doi.org/10.1016/j.ajps.2018.06.004
https://doi.org/10.1016/j.ajps.2018.06.004
https://doi.org/10.1242/jcs.166074
https://doi.org/10.1091/mbc.11.11.3819
https://doi.org/10.1091/mbc.11.11.3819
https://doi.org/10.1186/gb-2001-2-5-reviews3007
https://doi.org/10.1038/nrm2728
https://doi.org/10.3390/cells8080909
https://doi.org/10.1080/215412481336191
https://doi.org/10.1080/215412481336191
https://doi.org/10.2174/138945011795906561
https://doi.org/10.2174/138945011795906561
https://doi.org/10.1016/j.semcdb.2010.12.005
https://doi.org/10.1016/j.semcdb.2010.12.005
https://doi.org/10.1007/s00431-008-0740-z
https://doi.org/10.1186/1741-7007-10-71
https://doi.org/10.1186/1741-7007-10-71
https://doi.org/10.1016/j.febslet.2008.11.008
https://doi.org/10.1016/j.febslet.2008.11.008
https://doi.org/10.3390/ijms22147691
https://doi.org/10.3390/ijms22147691
https://doi.org/10.1080/215412481192921
https://doi.org/10.1080/215412481192921
https://doi.org/10.1126/science.1134027
https://doi.org/10.1126/science.1134027
https://doi.org/10.3389/fphys.2014.00374
https://doi.org/10.3389/fphys.2014.00374
https://doi.org/10.1016/j.biocel.2013.07.003
https://doi.org/10.1016/j.biocel.2013.07.003
https://doi.org/10.1073/pnas.1206811109
https://doi.org/10.3389/fcimb.2017.00435
https://doi.org/10.1016/s1471-4914(01)02227-4
https://doi.org/10.1016/s1471-4914(01)02227-4
https://doi.org/10.1111/boc.201400083
https://doi.org/10.1111/boc.201400083
https://doi.org/10.1242/jcs.155861
https://doi.org/10.1186/s13041-016-0198-2
https://doi.org/10.1038/sj.bjc.6605469
https://doi.org/10.1038/sj.bjc.6605469
https://doi.org/10.4161/cib.20064
https://doi.org/10.3233/JHD-200411
https://doi.org/10.3233/JHD-200411
https://doi.org/10.3233/JAD-180023
https://doi.org/10.1128/mcb.01067-09
https://doi.org/10.31219/osf.io/fmv6r
https://doi.org/10.31219/osf.io/fmv6r
https://doi.org/10.1091/mbc.E11-03-0277
https://doi.org/10.1091/mbc.E11-03-0277
https://doi.org/10.1523/jneurosci.0725-16.2016
https://doi.org/10.1523/jneurosci.0725-16.2016
https://doi.org/10.1242/jcs.014225
https://doi.org/10.1242/jcs.014225
https://doi.org/10.1128/jvi.00500-11

Molecular and Cellular Biochemistry

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Liu X, Wang Z, Yang Y, Li Q, Zeng R, Kang J, Wu J
(2016) Rabla mediates proinsulin to insulin conversion in
beta-cells by maintaining golgi stability through interac-
tions with golgin-84. Protein Cell. https://doi.org/10.1007/
$13238-016-0298-x

Jewett CE, Soh AWJ, Lin CH, Lu Q, Lencer E, Westlake CJ,
Pearson CG, Prekeris R (2021) Rab19 directs cortical remod-
eling and membrane growth for primary ciliogenesis. Dev Cell.
https://doi.org/10.1016/j.devcel.2020.12.003

Dejgaard SY, Murshid A, Erman A, Kizilay O, Verbich D,
Lodge R, Dejgaard K, Ly-Hartig TB, Pepperkok R, Simpson
JC, Presley JF (2008) Rab18 and rab43 have key roles in er-
golgi trafficking. J Cell Sci. https://doi.org/10.1242/jcs.021808
Li C, Wei Z, Fan Y, Huang W, Su Y, Li H, Dong Z, Fukuda
M, Khater M, Wu G (2017) The gtpase rab43 controls the
anterograde er-golgi trafficking and sorting of gpcrs. Cell Rep.
https://doi.org/10.1016/j.celrep.2017.10.011

Kelly EE, Giordano F, Horgan CP, Jollivet F, Raposo G,
McCaftrey MW (2012) Rab30 is required for the morphologi-
cal integrity of the golgi apparatus. Biol Cell. https://doi.org/
10.1111/boc.201100080

Zulkefli KL, Mahmoud IS, Williamson NA, Gosavi PK,
Houghton FJ, Gleeson PA (2021) A role for rab30 in retrograde
trafficking and maintenance of endosome-tgn organization. Exp
Cell Res. https://doi.org/10.1016/j.yexcr.2020.112442
Nakazawa H, Sada T, Toriyama M, Tago K, Sugiura T, Fukuda
M, Inagaki N (2012) Rab33a mediates anterograde vesicular
transport for membrane exocytosis and axon outgrowth. J Neu-
rosci. https://doi.org/10.1523/JINEUROSCI.0989-12.2012
Jacobsen M, Repsilber D, Gutschmidt A, Neher A, Feldmann
K, Mollenkopf HJ, Ziegler A, Kaufmann SH (2005) Ras-asso-
ciated small gtpase 33a, a novel t cell factor, is down-regulated
in patients with tuberculosis. J Infect Dis. https://doi.org/10.
1086/444428

Morgan NE, Cutrona MB, Simpson JC (2019) Multitasking
rab proteins in autophagy and membrane trafficking: a focus
on rab33b. Int J Mol Sci. https://doi.org/10.3390/ijms201639
16

Lin L, Shi Y, Wang M, Wang C, Zhu J, Zhang R (2019) Rab35/
acap2 and rab35/rusc2 complex structures reveal molecular basis
for effector recognition by rab35 gtpase. Structure (London).
https://doi.org/10.1016/j.str.2019.02.008

Biesemann A, Gorontzi A, Barr F, Gerke V (2017) Rab35 protein
regulates evoked exocytosis of endothelial weibel-palade bodies.
J Biol Chem. https://doi.org/10.1074/jbc.M116.773333

Feng S, Knodler A, Ren J, Zhang J, Zhang X, Hong Y, Huang S,
Perédnen J, Guo W (2012) A rab8 guanine nucleotide exchange
factor-effector interaction network regulates primary ciliogen-
esis. J Biol Chem. https://doi.org/10.1074/jbc.M111.333245
Hagemann N, Hou X, Goody RS, Itzen A, Erdmann KS (2012)
Crystal structure of the rab binding domain of ocrll in complex
with rab8 and functional implications of the ocrll/rab8 module
for lowe syndrome. Small GTPases. https://doi.org/10.4161/sgtp.
19380

Stypulkowski E, Feng Q, Joseph I, Farrell V, Flores J, Yu S,
Sakamori R, Sun J, Bandyopadhyay S, Das S, Dobrowolski R,
Bonder EM, Chen MH, Gao N (2021) Rab8 attenuates wnt sign-
aling and is required for mesenchymal differentiation into adipo-
cytes. J Biol Chem. https://doi.org/10.1016/j.jbc.2021.100488
Huber LA, Dupree P, Dotti CG (1995) A deficiency of the small
gtpase rab8 inhibits membrane traffic in developing neurons. Mol
Cell Biol. https://doi.org/10.1128/MCB.15.2.918

Schluter OM, Schmitz F, Jahn R, Rosenmund C, Sudhof TC
(2004) A complete genetic analysis of neuronal rab3 function.
J Neurosci. https://doi.org/10.1523/JNEUROSCI.1610-04.2004

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Yasuda T, Shibasaki T, Minami K, Takahashi H, Mizoguchi A,
Uriu Y, Numata T, Mori Y, Miyazaki J, Miki T, Seino S (2010)
Rim2alpha determines docking and priming states in insulin
granule exocytosis. Cell Metab. https://doi.org/10.1016/j.cmet.
2010.05.017

Coppola T, Frantz C, Perret-Menoud V, Gattesco S, Hirling
H, Regazzi R (2002) Pancreatic beta-cell protein granuphilin
binds rab3 and munc-18 and controls exocytosis. Mol Biol
Cell. https://doi.org/10.1091/mbc.02-02-0025

Matsumoto M, Miki T, Shibasaki T, Kawaguchi M, Shinozaki
H, Nio J, Saraya A, Koseki H, Miyazaki M, Iwanaga T, Seino
S (2004) Noc2 is essential in normal regulation of exocytosis
in endocrine and exocrine cells. Proc Natl Acad Sci U S A.
https://doi.org/10.1073/pnas.0306709101

Cazares VA, Subramani A, Saldate JJ, Hoerauf W, Stuenkel
EL (2014) Distinct actions of rab3 and rab27 gtpases on late
stages of exocytosis of insulin. Traffic. https://doi.org/10.1111/
tra.12182

Banworth MJ, Li G (2018) Consequences of Rab GTPase dys-
function in genetic or acquired human diseases. Small GTPases.
https://doi.org/10.1080/215412481397833

Efergan A, Azouz NP, Klein O, Noguchi K, Rothenberg ME,
Fukuda M, Sagi-Eisenberg R (2016) Rab12 regulates retrograde
transport of mast cell secretory granules by interacting with the
rilp-dynein complex. J Tmmunol. https://doi.org/10.4049/jimmu
nol.1500731

Nokes RL, Fields IC, Collins RN, Folsch H (2008) Rab13 regu-
lates membrane trafficking between tgn and recycling endosomes
in polarized epithelial cells. J Cell Biol. https://doi.org/10.1083/
jcb.200802176

Ohira M, Oshitani N, Hosomi S, Watanabe K, Yamagami H,
Tominaga K, Watanabe T, Fujiwara Y, Maeda K, Hirakawa K,
Arakawa T (2009) Dislocation of rab13 and vasodilator-stimu-
lated phosphoprotein in inactive colon epithelium in patients with
crohn’s disease. Int J] Mol Med. https://doi.org/10.3892/ijmm_
00000300

Vieira OV (2018) Rab3a and rab10 are regulators of lysosome
exocytosis and plasma membrane repair. Small GTPases https://
doi.org/10.1080/21541248.2016.1235004

Tavana JP, Rosene M, Jensen NO, Ridge PG, Kauwe JS, Karch
CM (2019) Rab10: an alzheimer’s disease resilience locus and
potential drug target. Clin Interv Aging. https://doi.org/10.2147/
CIA.S159148

Strick DJ, Elferink LA (2005) Rab15 effector protein: a novel
protein for receptor recycling from the endocytic recycling
compartment. Mol Biol Cell. https://doi.org/10.1091/mbc.
¢05-03-0204

Lu HF, Hung KS, Chu HW, Wong HS, Kim J, Kim MK, Choi BY,
Tai YT, Ikegawa S, Cho EC, Chang WC (2019) Meta-analysis of
genome-wide association studies identifies three loci associated
with stiffness index of the calcaneus. Journal Bone Miner Res:
Offic J] Am Soc Bone Miner Res. https://doi.org/10.1002/jbmr.
3703

Wong P, Iwasaki A (2017) Rab15 empowers dendritic cells to
drive antiviral immunity. Sci Immunol. https://doi.org/10.1126/
sciimmunol.aan6448

Zuk PA, Elferink LA (2000) Rab15 differentially regulates early
endocytic trafficking. J Biol Chem. https://doi.org/10.1074/jbc.
M000344200

Binotti B, Pavlos NJ, Riedel D, Wenzel D, Vorbriiggen G, Schalk
AM, Kiihnel K, Boyken J, Erck C, Martens H, Chua JJ, Jahn R
(2015) The gtpase rab26 links synaptic vesicles to the autophagy
pathway. Elife. https://doi.org/10.7554/eLife.05597

Jin RU, Mills JC (2014) Rab26 coordinates lysosome traffic and
mitochondrial localization. J Cell Sci. https://doi.org/10.1242/
jcs.138776

@ Springer


https://doi.org/10.1007/s13238-016-0298-x
https://doi.org/10.1007/s13238-016-0298-x
https://doi.org/10.1016/j.devcel.2020.12.003
https://doi.org/10.1242/jcs.021808
https://doi.org/10.1016/j.celrep.2017.10.011
https://doi.org/10.1111/boc.201100080
https://doi.org/10.1111/boc.201100080
https://doi.org/10.1016/j.yexcr.2020.112442
https://doi.org/10.1523/JNEUROSCI.0989-12.2012
https://doi.org/10.1086/444428
https://doi.org/10.1086/444428
https://doi.org/10.3390/ijms20163916
https://doi.org/10.3390/ijms20163916
https://doi.org/10.1016/j.str.2019.02.008
https://doi.org/10.1074/jbc.M116.773333
https://doi.org/10.1074/jbc.M111.333245
https://doi.org/10.4161/sgtp.19380
https://doi.org/10.4161/sgtp.19380
https://doi.org/10.1016/j.jbc.2021.100488
https://doi.org/10.1128/MCB.15.2.918
https://doi.org/10.1523/JNEUROSCI.1610-04.2004
https://doi.org/10.1016/j.cmet.2010.05.017
https://doi.org/10.1016/j.cmet.2010.05.017
https://doi.org/10.1091/mbc.02-02-0025
https://doi.org/10.1073/pnas.0306709101
https://doi.org/10.1111/tra.12182
https://doi.org/10.1111/tra.12182
https://doi.org/10.1080/215412481397833
https://doi.org/10.4049/jimmunol.1500731
https://doi.org/10.4049/jimmunol.1500731
https://doi.org/10.1083/jcb.200802176
https://doi.org/10.1083/jcb.200802176
https://doi.org/10.3892/ijmm_00000300
https://doi.org/10.3892/ijmm_00000300
https://doi.org/10.1080/21541248.2016.1235004
https://doi.org/10.1080/21541248.2016.1235004
https://doi.org/10.2147/CIA.S159148
https://doi.org/10.2147/CIA.S159148
https://doi.org/10.1091/mbc.e05-03-0204
https://doi.org/10.1091/mbc.e05-03-0204
https://doi.org/10.1002/jbmr.3703
https://doi.org/10.1002/jbmr.3703
https://doi.org/10.1126/sciimmunol.aan6448
https://doi.org/10.1126/sciimmunol.aan6448
https://doi.org/10.1074/jbc.M000344200
https://doi.org/10.1074/jbc.M000344200
https://doi.org/10.7554/eLife.05597
https://doi.org/10.1242/jcs.138776
https://doi.org/10.1242/jcs.138776

Molecular and Cellular Biochemistry

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Masuda ES, Luo Y, Young C, Shen M, Rossi AB, Huang BC,
Yu S, Bennett MK, Payan DG, Scheller RH (2000) Rab37 is a
novel mast cell specific gtpase localized to secretory granules.
FEBS Lett. https://doi.org/10.1016/s0014-5793(00)01288-6
Ljubicic S, Bezzi P, Brajkovic S, Nesca V, Guay C, Ohbayashi
N, Fukuda M, Abderrhamani A, Regazzi R (2013) The gtpase
rab37 participates in the control of insulin exocytosis. PLoS
ONE. https://doi.org/10.1371/journal.pone.0068255

Wu SY, Wu HT, Wang YC, Chang CJ, Shan YS, Wu SR, Chiu
YC, Hsu CL, Juan HF, Lan KY, Chu CW, Lee YR, Lan SH
(2022) Liu HS (2022) Secretory autophagy promotes rab37-
mediated insulin secretion under glucose stimulation both
in vitro and in vivo. Autophagy. https://doi.org/10.1080/15548
6272123098

Sheng Y, Song Y, Li Z, Wang Y, Lin H, Cheng H, Zhou R
(2018) Rab37 interacts directly with atg5 and promotes
autophagosome formation via regulating atg5-12—-16 com-
plex assembly. Cell Death Differ. https://doi.org/10.1038/
s41418-017-0023-1

Kimura T, Kaneko Y, Yamada S, Ishihara H, Senda T, Iwamatsu
A, Niki I (2008) The gdp-dependent rab27a effector coronin 3
controls endocytosis of secretory membrane in insulin-secreting
cell lines. J Cell Sci. https://doi.org/10.1242/jcs.030544
Bierings R, Hellen N, Kiskin N, Knipe L, Fonseca AV, Patel
B, Meli A, Rose M, Hannah MJ, Carter T (2012) The interplay
between the rab27a effectors slp4-a and myrip controls hormone-
evoked weibel-palade body exocytosis. Blood. https://doi.org/10.
1182/blood-2012-05-429936

Kuroda TS, Fukuda M, Ariga H, Mikoshiba K (2002) Synap-
totagmin-like protein 5: A novel rab27a effector with c-terminal
tandem c2 domains. Biochem Biophys Res Commun. https://doi.
org/10.1016/s0006-291x(02)00320-0

Gross T, Wack G, Syhr KMJ, Tolmachova T, Seabra MC,
Geisslinger G, Niederberger E, Schmidtko A, Kallenborn-Ger-
hardt W (2020) Rab27a contributes to the processing of inflam-
matory pain in mice. Cells. https://doi.org/10.3390/cells9061488
Matsunaga K, Taoka M, Isobe T, Izumi T (2017) Rab2a and
rab27a cooperatively regulate the transition from granule matu-
ration to exocytosis through the dual effector noc2. J Cell Sci.
https://doi.org/10.1242/jcs. 195479

Kimura T, Taniguchi S, Niki I (2010) Actin assembly controlled
by gdp-rab27a is essential for endocytosis of the insulin secretory
membrane. Arch Biochem Biophys. https://doi.org/10.1016/j.
abb.2010.01.017

Jiang S, Shen D, Jia WJ, Han X, Shen N, Tao W, Gao X, Xue B,
Li CJ (2016) Ggpps-mediated rab27a geranylgeranylation regu-
lates beta cell dysfunction during type 2 diabetes development by
affecting insulin granule docked pool formation. J Pathol. https://
doi.org/10.1002/path.4652

Kasai K, Ohara-Imaizumi M, Takahashi N, Mizutani S, Zhao
S, Kikuta T, Kasai H, Nagamatsu S, Gomi H, Izumi T (2005)
Rab27a mediates the tight docking of insulin granules onto the
plasma membrane during glucose stimulation. J Clin Invest.
https://doi.org/10.1172/JCI22955

Gomi H, Mori K, Itohara S, Izumi T (2007) Rab27b is expressed
in a wide range of exocytic cells and involved in the delivery of
secretory granules near the plasma membrane. Mol Biol Cell.
https://doi.org/10.1091/mbc.e07-05-0409

Starling GP, Yip YY, Sanger A, Morton PE, Eden ER, Dod-
ding MP (2016) Folliculin directs the formation of a rab34-rilp
complex to control the nutrient-dependent dynamic distribution
of lysosomes. EMBO Rep. https://doi.org/10.15252/embr.20154
1382

Speight P, Silverman M (2005) Diacylglycerol-activated
hmunc13 serves as an effector of the gtpase rab34. Traffic.
https://doi.org/10.1111/j.1600-0854.2005.00321.x

@ Springer

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Nottingham RM, Pusapati GV, Ganley IG, Barr FA, Lambright
DG, Pfeffer SR (2012) Rutbc2 protein, a rab9a effector and
gtpase-activating protein for rab36. J Biol Chem. https://doi.org/
10.1074/jbc.M112.362558

Matsui T, Ohbayashi N, Fukuda M (2012) The rab interact-
ing lysosomal protein (rilp) homology domain functions as a
novel effector domain for small gtpase rab36: Rab36 regulates
retrograde melanosome transport in melanocytes. J Biol Chem.
https://doi.org/10.1074/jbc.M112.370544

Chen L, HuJ, Yun Y, Wang T (2010) Rab36 regulates the spatial
distribution of late endosomes and lysosomes through a similar
mechanism to rab34. Mol Membr Biol. https://doi.org/10.3109/
09687680903417470

Tokuhisa M, Kadowaki T, Ogawa K, Yamaguchi Y, Kido MA,
Gao W, Umeda M, Tsukuba T (2020) Expression and localisa-
tion of rab44 in immune-related cells change during cell dif-
ferentiation and stimulation. Sci Rep. https://doi.org/10.1038/
$41598-020-67638-7

Maruta Y, Fukuda M (2022) Large rab gtpase rab44 regulates
microtubule-dependent retrograde melanosome transport in mel-
anocytes. J Biol Chem. https://doi.org/10.1016/j.jbc.2022.102508
Jiang Y, Gruzieva O, Wang T, Forno E, Boutaoui N, Sun T,
Merid SK, Acosta-Perez E, Kull I, Canino G, Anto JM, Bous-
quet J, Melen E, Chen W, Celedon JC (2019) Transcriptomics
of atopy and atopic asthma in white blood cells from children
and adolescents. Eur Respir J. https://doi.org/10.1183/13993003.
00102-2019

Kadowaki T, Yamaguchi Y, Ogawa K, Tokuhisa M, Okamoto
K, Tsukuba T (2021) Rab44 isoforms similarly promote lysoso-
mal exocytosis, but exhibit differential localization in mast cells.
FEBS Open Bio. https://doi.org/10.1002/2211-5463.13133
Longe C, Bratti M, Kurowska M, Vibhushan S, David P, Des-
meure V, Huang JD, Fischer A, de Saint BG, Sepulveda FE,
Blank U, Menasche G (2022) Rab44 regulates murine mast
cell-driven anaphylaxis through kinesin-1-dependent secretory
granule translocation. J Allergy Clin Immunol. https://doi.org/
10.1016/j.jaci.2022.04.009

Yamaguchi Y, Sakai E, Okamoto K, Kajiya H, Okabe K, Naito
M, Kadowaki T, Tsukuba T (2018) Rab44, a novel large rab
gtpase, negatively regulates osteoclast differentiation by modu-
lating intracellular calcium levels followed by nfatcl activation.
Cell Mol Life Sci. https://doi.org/10.1007/s00018-017-2607-9
Oshita H, Nishino R, Takano A, Fujitomo T, Aragaki M, Kato T,
Akiyama H, Tsuchiya E, Kohno N, Nakamura Y, Daigo Y (2013)
Rasef is a novel diagnostic biomarker and a therapeutic target for
lung cancer. Mol Cancer Res. https://doi.org/10.1158/1541-7786.
Mer-12-0685-t

Miteva KT, Pedicini L, Wilson LA, Jayasinghe I, Slip RG,
Marszalek K, Gaunt HJ, Bartoli F, Deivasigamani S, Sobradillo
D, Beech DJ, McKeown L (2019) Rab46 integrates ca(2+) and
histamine signaling to regulate selective cargo release from wei-
bel-palade bodies. J Cell Biol. https://doi.org/10.1083/jcb.20181
0118

Dejgaard SY, Presley JF (2019) Rab18: New insights into the
function of an essential protein. Cell Mol Life Sci. https://doi.
org/10.1007/s00018-019-03050-3

Handley MT, Morris-Rosendahl DJ, Brown S, Macdonald F,
Hardy C, Bem D, Carpanini SM, Borck G, Martorell L, Izzi
C, Faravelli F, Accorsi P, Pinelli L, Basel-Vanagaite L, Peretz
G, Abdel-Salam GM, Zaki MS, Jansen A, Mowat D, Glass I,
Stewart H, Mancini G, Lederer D, Roscioli T, Giuliano F, Plomp
AS, Rolfs A, Graham JM, Seemanova E, Poo P, Garcia-Cazorla
A, Edery P, Jackson 1J, Maher ER, Aligianis IA (2013) Muta-
tion spectrum in rab3gapl, rab3gap2, and rab18 and genotype-
phenotype correlations in warburg micro syndrome and martsolf
syndrome. Hum Mutat. https://doi.org/10.1002/humu.22296


https://doi.org/10.1016/s0014-5793(00)01288-6
https://doi.org/10.1371/journal.pone.0068255
https://doi.org/10.1080/155486272123098
https://doi.org/10.1080/155486272123098
https://doi.org/10.1038/s41418-017-0023-1
https://doi.org/10.1038/s41418-017-0023-1
https://doi.org/10.1242/jcs.030544
https://doi.org/10.1182/blood-2012-05-429936
https://doi.org/10.1182/blood-2012-05-429936
https://doi.org/10.1016/s0006-291x(02)00320-0
https://doi.org/10.1016/s0006-291x(02)00320-0
https://doi.org/10.3390/cells9061488
https://doi.org/10.1242/jcs.195479
https://doi.org/10.1016/j.abb.2010.01.017
https://doi.org/10.1016/j.abb.2010.01.017
https://doi.org/10.1002/path.4652
https://doi.org/10.1002/path.4652
https://doi.org/10.1172/JCI22955
https://doi.org/10.1091/mbc.e07-05-0409
https://doi.org/10.15252/embr.201541382
https://doi.org/10.15252/embr.201541382
https://doi.org/10.1111/j.1600-0854.2005.00321.x
https://doi.org/10.1074/jbc.M112.362558
https://doi.org/10.1074/jbc.M112.362558
https://doi.org/10.1074/jbc.M112.370544
https://doi.org/10.3109/09687680903417470
https://doi.org/10.3109/09687680903417470
https://doi.org/10.1038/s41598-020-67638-7
https://doi.org/10.1038/s41598-020-67638-7
https://doi.org/10.1016/j.jbc.2022.102508
https://doi.org/10.1183/13993003.00102-2019
https://doi.org/10.1183/13993003.00102-2019
https://doi.org/10.1002/2211-5463.13133
https://doi.org/10.1016/j.jaci.2022.04.009
https://doi.org/10.1016/j.jaci.2022.04.009
https://doi.org/10.1007/s00018-017-2607-9
https://doi.org/10.1158/1541-7786.Mcr-12-0685-t
https://doi.org/10.1158/1541-7786.Mcr-12-0685-t
https://doi.org/10.1083/jcb.201810118
https://doi.org/10.1083/jcb.201810118
https://doi.org/10.1007/s00018-019-03050-3
https://doi.org/10.1007/s00018-019-03050-3
https://doi.org/10.1002/humu.22296

Molecular and Cellular Biochemistry

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Tan R, Wang W, Wang S, Wang Z, Sun L, He W, Fan R, Zhou Y,
Xu X, Hong W, Wang T (2013) Small gtpase rab40c associates
with lipid droplets and modulates the biogenesis of lipid droplets.
PLoS ONE. https://doi.org/10.1371/journal.pone.0063213
Linklater ES, Duncan ED, Han KJ, Kaupinis A, Valius M, Lyons
TR, Prekeris R (2021) Rab40-cullin5 complex regulates eplin
and actin cytoskeleton dynamics during cell migration. J Cell
Biol. https://doi.org/10.1083/jcb.202008060

Han KJ, Mikalayeva V, Gerber SA, Kettenbach AN, Skeberdis
VA, Prekeris R (2022) Rab40c regulates focal adhesions and pp6
activity by controlling ankrd28 ubiquitylation. Life Sci Alliance.
https://doi.org/10.26508/1sa.202101346

Bedoyan JK, Schaibley VM, Peng W, Bai Y, Mondal K, Shetty
AC, Durham M, Micucci JA, Dhiraaj A, Skidmore JM, Kaplan
JB, Skinner C, Schwartz CE, Antonellis A, Zwick ME, Cavalcoli
JD, Li JZ, Martin DM (2012) Disruption of rab40al function
leads to martin—probst syndrome, a rare x-linked multisystem
neurodevelopmental human disorder. J] Med Genet. https://doi.
org/10.1136/jmedgenet-2011-100575

Zhu G, Zhai P, Liu J, Terzyan S, Li G, Zhang XC (2004) Struc-
tural basis of rab5-rabaptin5 interaction in endocytosis. Nat
Struct Mol Biol. https://doi.org/10.1038/nsmb832

Xu W, Fang F, Ding J, Wu C (2018) Dysregulation of rab5-medi-
ated endocytic pathways in alzheimer’s disease. Traffic. https://
doi.org/10.1111/tra. 12547

Nielsen E, Christoforidis S, Uttenweiler-Joseph S, Miaczynska
M, Dewitte F, Wilm M, Hoflack B, Zerial M (2000) Rabeno-
syn-5, a novel rab5 effector, is complexed with hvps45 and
recruited to endosomes through a fyve finger domain. J Cell Biol.
https://doi.org/10.1083/jcb.151.3.601

Nehru V, Voytyuk O, Lennartsson J, Aspenstrom P (2013) Rhod
binds the rab5 effector rabankyrin-5 and has a role in trafficking
of the platelet-derived growth factor receptor. Traffic. https://doi.
org/10.1111/tra.12121

Christoforidis S, McBride HM, Burgoyne RD, Zerial M (1999)
The rab5 effector eeal is a core component of endosome docking.
Nature. https://doi.org/10.1038/17618

Guo X, Farias GG, Mattera R, Bonifacino JS (2016) Rab5 and
its effector thf contribute to neuronal polarity through dynein-
dependent retrieval of somatodendritic proteins from the axon.
Proc Natl Acad Sci U S A. https://doi.org/10.1073/pnas.16018
44113

Kim S, Sato Y, Mohan PS, Peterhoff C, Pensalfini A, Rigoglioso
A, Jiang Y, Nixon RA (2016) Evidence that the rab5 effector
appll mediates app-pctf-induced dysfunction of endosomes in
down syndrome and alzheimer’s disease. Mol Psychiatry. https://
doi.org/10.1038/mp.2015.97

Bucci C, Lutcke A, Steele-Mortimer O, Olkkonen VM, Dupree P,
Chiariello M, Bruni CB, Simons K, Zerial M (1995) Co-opera-
tive regulation of endocytosis by three rab5 isoforms. FEBS Lett.
https://doi.org/10.1016/0014-5793(95)00477-q

Beaumont KA, Hamilton NA, Moores MT, Brown DL,
Ohbayashi N, Cairncross O, Cook AL, Smith AG, Misaki R,
Fukuda M, Taguchi T, Sturm RA, Stow JL (2011) The recy-
cling endosome protein rab17 regulates melanocytic filopodia
formation and melanosome trafficking. Traffic. https://doi.org/
10.1111/j.1600-0854.2011.01172.x

Hunziker W, Peters PJ (1998) Rab17 localizes to recycling
endosomes and regulates receptor-mediated transcytosis in epi-
thelial cells. J Biol Chem. https://doi.org/10.1074/jbc.273.25.
15734

Ono S, Otomo A, Murakoshi S, Mitsui S, Sato K, Fukuda M,
Hadano S (2020) Als2, the small gtpase rabl7-interacting
protein, regulates maturation and sorting of rabl7-associated
endosomes. Biochem Biophys Res Commun. https://doi.org/
10.1016/j.bbrc.2019.12.122

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Jean S, Kiger AA (2016) Rab21 activity assay using gst-fused
appll. Bio-Protoc. https://doi.org/10.21769/BioProtoc.1738
Pellinen T, Tuomi S, Arjonen A, Wolf M, Edgren H, Meyer
H, Grosse R, Kitzing T, Rantala JK, Kallioniemi O, Fissler
R, Kallio M, Ivaska J (2008) Integrin trafficking regulated by
rab21 is necessary for cytokinesis. Dev Cell. https://doi.org/
10.1016/j.devcel.2008.08.001

Sun Z, Xie Y, Chen Y, Yang Q, Quan Z, Dai R, Qing H (2018)
Rab21, a novel psl interactor, regulates gamma-secretase
activity via psl subcellular distribution. Mol Neurobiol.
https://doi.org/10.1007/s12035-017-0606-3

Zhu H, Liang Z, Li G (2009) Rabex-5 is a rab22 effector and
mediates a rab22-rab5 signaling cascade in endocytosis. Mol
Biol Cell. https://doi.org/10.1091/mbc.e09-06-0453

Johnson DL, Wayt J, Wilson JM, Donaldson JG (2017) Arf6
and rab22 mediate t cell conjugate formation by regulating
clathrin-independent endosomal membrane trafficking. J Cell
Sci. https://doi.org/10.1242/jcs.200477

Kauppi M, Simonsen A, Bremnes B, Vieira A, Callaghan J,
Stenmark H, Olkkonen VM (2002) The small gtpase rab22
interacts with eeal and controls endosomal membrane traffick-
ing. J Cell Sci. https://doi.org/10.1242/jcs.115.5.899
Magadan JG, Barbieri MA, Mesa R, Stahl PD, Mayorga LS
(2006) Rab22a regulates the sorting of transferrin to recycling
endosomes. Mol Cell Biol. https://doi.org/10.1128/MCB.26.7.
2595-2614.2006

Maldonado-Baez L, Donaldson JG (2013) Hook1, microtu-
bules, and rab22: Mediators of selective sorting of clathrin-
independent endocytic cargo proteins on endosomes. Bio-
Architecture. https://doi.org/10.4161/bioa.26638

Mizuta R, LaSalle JM, Cheng HL, Shinohara A, Ogawa H,
Copeland N, Jenkins NA, Lalande M, Alt FW (1997) Rab22
and rab163/mouse brca2: Proteins that specifically interact
with the rad51 protein. Proc Natl Acad Sci U S A. https://doi.
org/10.1073/pnas.94.13.6927

Shakya S, Sharma P, Bhatt AM, Jani RA, Delevoye C, Setty
SR (2018) Rab22a recruits bloc-1 and bloc-2 to promote the
biogenesis of recycling endosomes. EMBO Rep. https://doi.
org/10.15252/embr.201845918

Weigert R, Yeung AC, Li J, Donaldson JG (2004) Rab22a regu-
lates the recycling of membrane proteins internalized indepen-
dently of clathrin. Mol Biol Cell. https://doi.org/10.1091/mbc.
¢04-04-0342

Yeo JC, Wall AA, Luo L, Stow JL (2015) Rab31 and appl2
enhance fcyr-mediated phagocytosis through pi3k/akt signaling
in macrophages. Mol Biol Cell. https://doi.org/10.1091/mbc.
E14-10-1457

Wei D, Zhan W, Gao Y, Huang L, Gong R, Wang W, Zhang
R, Wu Y, Gao S, Kang T (2021) Rab31 marks and controls an
escrt-independent exosome pathway. Cell Res. https://doi.org/
10.1038/s41422-020-00409-1

YuH, Lin Y, Xu Y, Chen K, Wang Y, Fu L, Zhou H, Pi L, Che
D, Qiu X, Gu X (2022) Association between rab31/rs9965664
polymorphism and immunoglobulin therapy resistance in
patients with kawasaki disease. Front Cardiovasc Med. https://
doi.org/10.3389/fcvm.2022.944508

Erdman RA, Shellenberger KE, Overmeyer JH, Maltese WA
(2000) Rab24 is an atypical member of the rab gtpase family.
Deficient gtpase activity, gdp dissociation inhibitor interaction,
and prenylation of rab24 expressed in cultured cells. J Biol
Chem. https://doi.org/10.1074/jbc.275.6.3848

Yld-Anttila P, Eskelinen EL (2018) Roles for rab24 in
autophagy and disease. Small GTPases. https://doi.org/10.
1080/215412481317699

Igci M, Baysan M, Yigiter R, Ulasli M, Geyik S, Bayraktar R,
Bozgeyik I, Bozgeyik E, Bayram A, Cakmak EA (2016) Gene

@ Springer


https://doi.org/10.1371/journal.pone.0063213
https://doi.org/10.1083/jcb.202008060
https://doi.org/10.26508/lsa.202101346
https://doi.org/10.1136/jmedgenet-2011-100575
https://doi.org/10.1136/jmedgenet-2011-100575
https://doi.org/10.1038/nsmb832
https://doi.org/10.1111/tra.12547
https://doi.org/10.1111/tra.12547
https://doi.org/10.1083/jcb.151.3.601
https://doi.org/10.1111/tra.12121
https://doi.org/10.1111/tra.12121
https://doi.org/10.1038/17618
https://doi.org/10.1073/pnas.1601844113
https://doi.org/10.1073/pnas.1601844113
https://doi.org/10.1038/mp.2015.97
https://doi.org/10.1038/mp.2015.97
https://doi.org/10.1016/0014-5793(95)00477-q
https://doi.org/10.1111/j.1600-0854.2011.01172.x
https://doi.org/10.1111/j.1600-0854.2011.01172.x
https://doi.org/10.1074/jbc.273.25.15734
https://doi.org/10.1074/jbc.273.25.15734
https://doi.org/10.1016/j.bbrc.2019.12.122
https://doi.org/10.1016/j.bbrc.2019.12.122
https://doi.org/10.21769/BioProtoc.1738
https://doi.org/10.1016/j.devcel.2008.08.001
https://doi.org/10.1016/j.devcel.2008.08.001
https://doi.org/10.1007/s12035-017-0606-3
https://doi.org/10.1091/mbc.e09-06-0453
https://doi.org/10.1242/jcs.200477
https://doi.org/10.1242/jcs.115.5.899
https://doi.org/10.1128/MCB.26.7.2595-2614.2006
https://doi.org/10.1128/MCB.26.7.2595-2614.2006
https://doi.org/10.4161/bioa.26638
https://doi.org/10.1073/pnas.94.13.6927
https://doi.org/10.1073/pnas.94.13.6927
https://doi.org/10.15252/embr.201845918
https://doi.org/10.15252/embr.201845918
https://doi.org/10.1091/mbc.e04-04-0342
https://doi.org/10.1091/mbc.e04-04-0342
https://doi.org/10.1091/mbc.E14-10-1457
https://doi.org/10.1091/mbc.E14-10-1457
https://doi.org/10.1038/s41422-020-00409-1
https://doi.org/10.1038/s41422-020-00409-1
https://doi.org/10.3389/fcvm.2022.944508
https://doi.org/10.3389/fcvm.2022.944508
https://doi.org/10.1074/jbc.275.6.3848
https://doi.org/10.1080/215412481317699
https://doi.org/10.1080/215412481317699

Molecular and Cellular Biochemistry

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

expression profiles of autophagy-related genes in multiple scle-
rosis. Gene. https://doi.org/10.1016/j.gene.2016.04.042
Amaya C, Militello RD, Calligaris SD, Colombo MI (2016)
Rab24 interacts with the rab7/rab interacting lysosomal protein
complex to regulate endosomal degradation. Traffic. https://
doi.org/10.1111/tra.12431

Pei G, Repnik U, Griffiths G, Gutierrez MG (2014) Identi-
fication of an immune-regulated phagosomal rab cascade in
macrophages. J Cell Sci. https://doi.org/10.1242/jcs. 144923
Schnettger L, Rodgers A, Repnik U, Lai RP, Pei G, Verdoes
M, Wilkinson RJ, Young DB, Gutierrez MG (2017) A rab20-
dependent membrane trafficking pathway controls M. tuber-
culosis replication by regulating phagosome spaciousness and
integrity. Cell Host Microbe. https://doi.org/10.1016/j.chom.
2017.04.004

Hackenbeck T, Huber R, Schietke R, Knaup KX, Monti J, Wu
X, Klanke B, Frey B, Gaipl U, Wullich B, Ferbus D, Goubin
G, Warnecke C, Eckardt KU, Wiesener MS (2011) The gtpase
rab20 is a hif target with mitochondrial localization mediating
apoptosis in hypoxia. Biochim et Biophys Acta. https://doi.org/
10.1016/j.bbamcr.2010.10.019

Oguchi ME, Etoh K, Fukuda M (2018) Rab20, a novel rab
small gtpase that negatively regulates neurite outgrowth of
pcl2 cells. Neurosci Lett. https://doi.org/10.1016/j.neulet.
2017.10.056

Liu K, Xing R, Jian Y, Gao Z, Ma X, Sun X, Li Y, Xu M, Wang
X, Jing Y, Guo W, Yang C (2017) Wdr91 is a rab7 effector
required for neuronal development. J Cell Biol. https://doi.org/
10.1083/jcb.201705151

Cai CZ, Yang C, Zhuang XX, Yuan NN, Wu MY, Tan JQ,
Song JX, Cheung KH, Su H, Wang YT, Tang BS, Behrends C,
Durairajan SSK, Yue Z, Li M (2020) Lu JH (2020) Nrbf2 is a
rab7 effector required for autophagosome maturation and medi-
ates the association of app-ctfs with active form of rab7 for
degradation. Autophagy. https://doi.org/10.1080/1554862717
60623

Zhang M, Chen L, Wang S, Wang T (2009) Rab7: Roles in
membrane trafficking and disease. Biosci Rep. https://doi.org/
10.1042/bsr20090032

Harrison RE, Bucci C, Vieira OV, Schroer TA, Grinstein S
(2003) Phagosomes fuse with late endosomes and/or lysosomes
by extension of membrane protrusions along microtubules: Role
of rab7 and rilp. Mol Cell Biol. https://doi.org/10.1128/MCB.23.
18.6494-6506.2003

Li Z, Lai M, Li J, Yang D, Zhao M, Wang D, Sun Z, Wen P,
Gou F, Dai Y, Ji Y, Zhao D, Qiao J, Yang L (2022) Rab7a gtpase
is involved in mitophagosome formation and autophagosome-
lysosome fusion in n2a cells treated with the prion protein
fragment 106—126. Mol Neurobiol. https://doi.org/10.1007/
$12035-022-03118-5

He D, Chen T, Yang M, Zhu X, Wang C, Cao X, Cai Z (2011)
Small rab gtpase rab7b promotes megakaryocytic differentiation
by enhancing il-6 production and stat3-gata-1 association. J] Mol
Med (Berl). https://doi.org/10.1007/s00109-010-0689-z

Walter M, Davies JP, Ioannou YA (2003) Telomerase immor-
talization upregulates rab9 expression and restores 1dl choles-
terol egress from niemann-pick c1 late endosomes. J Lipid Res.
https://doi.org/10.1194/j1r.M200230-JLR200

Aivazian D, Serrano RL, Pfeffer S (2006) Tip47 is a key effec-
tor for rab9 localization. J Cell Biol. https://doi.org/10.1083/jcb.
200510010

Diaz E, Schimmoller F, Pfeffer SR (1997) A novel rab9 effector
required for endosome-to-tgn transport. J Cell Biol. https://doi.
org/10.1083/jcb.138.2.283

@ Springer

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Ganley IG, Pfeffer SR (2006) Cholesterol accumulation seques-
ters rab9 and disrupts late endosome function in npcl-deficient
cells. J Biol Chem. https://doi.org/10.1074/jbc.M601679200
Yan H, Li WL, Xu JJ, Zhu SQ, Long X, Che JP (2013) D2
dopamine receptor antagonist raclopride induces non-canonical
autophagy in cardiac myocytes. J Cell Biochem. https://doi.org/
10.1002/jcb.24306

Jenkins D, Baynam G, De Catte L, Elcioglu N, Gabbett MT,
Hudgins L, Hurst JA, Jehee FS, Oley C, Wilkie AO (2011) Car-
penter syndrome: extended rab23 mutation spectrum and analysis
of nonsense-mediated mrna decay. Hum Mutat. https://doi.org/
10.1002/humu.21457

Onnis A, Finetti F, Patrussi L, Gottardo M, Cassioli C, Spano S,
Baldari CT (2015) The small gtpase rab29 is a common regulator
of immune synapse assembly and ciliogenesis. Cell Death Differ.
https://doi.org/10.1038/cdd.2015.17

Feng M, Hu X, Li N, Hu F, Chang F, Xu HF, Liu YJ (2018)
Distinctive roles of racl and rab29 in Irrk2 mediated membrane
trafficking and neurite outgrowth. J Biomed Res. https://doi.org/
10.7555/jbr.31.20170039

MacLeod DA, Rhinn H, Kuwahara T, Zolin A, Di Paolo G,
McCabe BD, Marder KS, Honig LS, Clark LN, Small SA, Abe-
liovich A (2013) Rab711 interacts with Irrk2 to modify intra-
neuronal protein sorting and parkinson’s disease risk. Neuron.
https://doi.org/10.1016/j.neuron.2012.11.033

Nalls MA, Blauwendraat C, Vallerga CL, Heilbron K, Bandres-
Ciga S, Chang D, Tan M, Kia DA, Noyce AJ, Xue A, Bras J,
Young E, von Coelln R, Simon-Sanchez J, Schulte C, Sharma M,
Krohn L, Pihlstrom L, Siitonen A, Iwaki H, Leonard H, Faghri
F, Gibbs JR, Hernandez DG, Scholz SW, Botia JA, Martinez
M, Corvol JC, Lesage S, Jankovic J, Shulman LM, Sutherland
M, Tienari P, Majamaa K, Toft M, Andreassen OA, Bangale
T, Brice A, Yang J, Gan-Or Z, Gasser T, Heutink P, Shulman
JM, Wood NW, Hinds DA, Hardy JA, Morris HR, Gratten J,
Visscher PM, Graham RR, Singleton AB, Me Research T, Sys-
tem Genomics of Parkinson’s Disease C, International Parkin-
son’s Disease Genomics C (2019) Identification of novel risk
loci, causal insights, and heritable risk for parkinson’s disease: a
meta-analysis of genome-wide association studies. Lancet Neu-
rol. https://doi.org/10.1016/S1474-4422(19)30320-5

Haile Y, Deng X, Ortiz-Sandoval C, Tahbaz N, Janowicz A, Lu
JQ, Kerr BJ, Gutowski NJ, Holley JE, Eggleton P, Giuliani F,
Simmen T (2017) Rab32 connects er stress to mitochondrial
defects in multiple sclerosis. J Neuroinflammation. https://doi.
org/10.1186/s12974-016-0788-z

Tamura K, Ohbayashi N, Maruta Y, Kanno E, Itoh T, Fukuda M
(2009) Varp is a novel rab32/38-binding protein that regulates
tyrpl trafficking in melanocytes. Mol Biol Cell. https://doi.org/
10.1091/mbc.e08-12-1161

Wasmeier C, Romao M, Plowright L, Bennett DC, Raposo G,
Seabra MC (2006) Rab38 and rab32 control post-golgi trafficking
of melanogenic enzymes. J Cell Biol. https://doi.org/10.1083/jcb.
200606050

Gao Y, Wilson GR, Stephenson SEM, Bozaoglu K, Farrer MJ,
Lockhart PJ (2018) The emerging role of rab gtpases in the
pathogenesis of parkinson’s disease. Mov Disord. https://doi.
org/10.1002/mds.27270

Gerondopoulos A, Langemeyer L, Liang JR, Linford A, Barr
FA (2012) Bloc-3 mutated in hermansky-pudlak syndrome is a
rab32/38 guanine nucleotide exchange factor. Curr Biol. https://
doi.org/10.1016/j.cub.2012.09.020

Buffa L, Fuchs E, Pietropaolo M, Barr F, Solimena M (2008)
Ica69 is a novel rab2 effector regulating er-golgi trafficking in
insulinoma cells. Eur J Cell Biol. https://doi.org/10.1016/j.ejcb.
2007.11.003


https://doi.org/10.1016/j.gene.2016.04.042
https://doi.org/10.1111/tra.12431
https://doi.org/10.1111/tra.12431
https://doi.org/10.1242/jcs.144923
https://doi.org/10.1016/j.chom.2017.04.004
https://doi.org/10.1016/j.chom.2017.04.004
https://doi.org/10.1016/j.bbamcr.2010.10.019
https://doi.org/10.1016/j.bbamcr.2010.10.019
https://doi.org/10.1016/j.neulet.2017.10.056
https://doi.org/10.1016/j.neulet.2017.10.056
https://doi.org/10.1083/jcb.201705151
https://doi.org/10.1083/jcb.201705151
https://doi.org/10.1080/155486271760623
https://doi.org/10.1080/155486271760623
https://doi.org/10.1042/bsr20090032
https://doi.org/10.1042/bsr20090032
https://doi.org/10.1128/MCB.23.18.6494-6506.2003
https://doi.org/10.1128/MCB.23.18.6494-6506.2003
https://doi.org/10.1007/s12035-022-03118-5
https://doi.org/10.1007/s12035-022-03118-5
https://doi.org/10.1007/s00109-010-0689-z
https://doi.org/10.1194/jlr.M200230-JLR200
https://doi.org/10.1083/jcb.200510010
https://doi.org/10.1083/jcb.200510010
https://doi.org/10.1083/jcb.138.2.283
https://doi.org/10.1083/jcb.138.2.283
https://doi.org/10.1074/jbc.M601679200
https://doi.org/10.1002/jcb.24306
https://doi.org/10.1002/jcb.24306
https://doi.org/10.1002/humu.21457
https://doi.org/10.1002/humu.21457
https://doi.org/10.1038/cdd.2015.17
https://doi.org/10.7555/jbr.31.20170039
https://doi.org/10.7555/jbr.31.20170039
https://doi.org/10.1016/j.neuron.2012.11.033
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1186/s12974-016-0788-z
https://doi.org/10.1186/s12974-016-0788-z
https://doi.org/10.1091/mbc.e08-12-1161
https://doi.org/10.1091/mbc.e08-12-1161
https://doi.org/10.1083/jcb.200606050
https://doi.org/10.1083/jcb.200606050
https://doi.org/10.1002/mds.27270
https://doi.org/10.1002/mds.27270
https://doi.org/10.1016/j.cub.2012.09.020
https://doi.org/10.1016/j.cub.2012.09.020
https://doi.org/10.1016/j.ejcb.2007.11.003
https://doi.org/10.1016/j.ejcb.2007.11.003

Molecular and Cellular Biochemistry

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Short B, Preisinger C, Korner R, Kopajtich R, Byron O, Barr
FA (2001) A grasp55-rab2 effector complex linking golgi struc-
ture to membrane traffic. J Cell Biol. https://doi.org/10.1083/jcb.
200108079

White JA 2nd, Anderson E, Zimmerman K, Zheng KH, Rouhani
R, Gunawardena S (2015) Huntingtin differentially regulates the
axonal transport of a sub-set of rab-containing vesicles in vivo.
Hum Mol Genet. https://doi.org/10.1093/hmg/ddv4 15
Sugawara T, Kano F, Murata M (2014) Rab2a is a pivotal switch
protein that promotes either secretion or er-associated degrada-
tion of (pro)insulin in insulin-secreting cells. Sci Rep. https://doi.
org/10.1038/srep06952

Morohoshi A, Miyata H, Oyama Y, Oura S, Noda T, Ikawa M
(2021) Fam71f1 binds to rab2a and rab2b and is essential for
acrosome formation and male fertility in mice. Development.
https://doi.org/10.1242/dev.199644

Takahama M, Fukuda M, Ohbayashi N, Kozaki T, Misawa T,
Okamoto T, Matsuura Y, Akira S, Saitoh T (2017) The rab2b-
garil5 complex promotes cytosolic DNA-induced innate immune
responses. Cell Rep. https://doi.org/10.1016/j.celrep.2017.08.085
Ni X, Ma Y, Cheng H, Jiang M, Guo L, Ji C, Gu S, Cao Y, Xie Y,
Mao Y (2002) Molecular cloning and characterization of a novel
human rab ( rab2b) gene. J Hum Genet. https://doi.org/10.1007/
$100380200083

Aizawa M, Fukuda M (2015) Small gtpase rab2b and its specific
binding protein golgi-associated rab2b interactor-like 4 (gari-14)
regulate golgi morphology. J Biol Chem. https://doi.org/10.1074/
jbc.M115.669242

Chano T, Avnet S (2018) Rab39a: a rab small gtpase with a
prominent role in cancer stemness. ] Biochem. https://doi.org/
10.1093/jb/mvy041

Seto S, Sugaya K, Tsujimura K, Nagata T, Horii T, Koide Y
(2013) Rab39a interacts with phosphatidylinositol 3-kinase and
negatively regulates autophagy induced by lipopolysaccharide
stimulation in macrophages. PLoS ONE. https://doi.org/10.1371/
journal.pone.0083324

Gambarte Tudela J, Buonfigli J, Lujan A, Alonso Bivou M,
Cebrian I, Capmany A, Damiani MT (2019) Rab39a and rab39b
display different intracellular distribution and function in sphin-
golipids and phospholipids transport. Int J Mol Sci. https://doi.
0rg/10.3390/ijms20071688

Matsui T, Sakamaki Y, Nakashima S, Fukuda M (2022) Rab39
and its effector uaca regulate basolateral exosome release from
polarized epithelial cells. Cell Rep. https://doi.org/10.1016/].
celrep.2022.110875

Cruz FM, Colbert JD, Rock KL (2020) The gtpase rab39a pro-
motes phagosome maturation into mhc-i antigen-presenting com-
partments. EMBO J. https://doi.org/10.15252/emb;j.2019102020
Mignogna ML, Giannandrea M, Gurgone A, Fanelli F, Raimondi
F, Mapelli L, Bassani S, Fang H, Van Anken E, Alessio M, Pas-
safaro M, Gatti S, Esteban JA, Huganir R, D’Adamo P (2015)
The intellectual disability protein rab39b selectively regulates
glua2 trafficking to determine synaptic ampar composition. Nat
Commun. https://doi.org/10.1038/ncomms7504

Giannandrea M, Bianchi V, Mignogna ML, Sirri A, Carrabino
S, D’Elia E, Vecellio M, Russo S, Cogliati F, Larizza L, Ropers
HH, Tzschach A, Kalscheuer V, Oehl-Jaschkowitz B, Skinner
C, Schwartz CE, Gecz J, Van Esch H, Raynaud M, Chelly J, de
Brouwer AP, Toniolo D, D’Adamo P (2010) Mutations in the
small gtpase gene rab39b are responsible for x-linked mental
retardation associated with autism, epilepsy, and macrocephaly.
Am J Hum Genet. https://doi.org/10.1016/j.ajhg.2010.01.011
Wilson GR, Sim JC, McLean C, Giannandrea M, Galea CA,
Riseley JR, Stephenson SE, Fitzpatrick E, Haas SA, Pope K,
Hogan KJ, Gregg RG, Bromhead CJ, Wargowski DS, Lawrence
CH, James PA, Churchyard A, Gao Y, Phelan DG, Gillies G,

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Salce N, Stanford L, Marsh AP, Mignogna ML, Hayflick SJ,
Leventer RJ, Delatycki MB, Mellick GD, Kalscheuer VM,
D’Adamo P, Bahlo M, Amor DJ, Lockhart PJ (2014) Mutations
in rab39b cause x-linked intellectual disability and early-onset
parkinson disease with a-synuclein pathology. Am J Hum
Genet. https://doi.org/10.1016/j.ajhg.2014.10.015

Niu M, Zheng N, Wang Z, Gao Y, Luo X, Chen Z, Fu X, Wang
Y, Wang T, Liu M, Yao T, Yao P, Meng J, Zhou Y, Ge Y,
Wang Z, Ma Q, Xu H, Zhang YW (2020) Rab39b deficiency
impairs learning and memory partially through compromising
autophagy. Front Cell Dev Biol. https://doi.org/10.3389/fcell.
2020.598622

Tsai YT (2013) Analysis of rab42 and rab40c as novel regulators
of secretory membrane trafficking. Natural Sciences. Ruperto-
Carola University of Heidelberg, Heidelberg

Fouraux MA, Deneka M, Ivan V, van der Heijden A, Raymack-
ers J, van Suylekom D, van Venrooij WJ, van der Sluijs P, Pruijn
GJ (2004) Rabip4’ is an effector of rab5 and rab4 and regulates
transport through early endosomes. Mol Biol Cell. https://doi.
org/10.1091/mbc.e03-05-0343

Mari M, Monzo P, Kaddai V, Keslair F, Gonzalez T, Le March-
and-Brustel Y, Cormont M (2006) The rab4 effector rabip4 plays
arole in the endocytotic trafficking of glut 4 in 3t3-11 adipocytes.
J Cell Sci. https://doi.org/10.1242/jcs.02850

Yamamoto H, Koga H, Katoh Y, Takahashi S, Nakayama K,
Shin HW (2010) Functional cross-talk between rab14 and rab4
through a dual effector, rufy1/rabip4. Mol Biol Cell. https://doi.
org/10.1091/mbc.e10-01-0074

White JA 2nd, Krzystek TJ, Hoffmar-Glennon H, Thant C, Zim-
merman K, Tacobucci G, Vail J, Thurston L, Rahman S, Guna-
wardena S (2020) Excess rab4 rescues synaptic and behavioral
dysfunction caused by defective htt-rab4 axonal transport in hun-
tington’s disease. Acta Neuropathol Commun. https://doi.org/10.
1186/540478-020-00964-z

Wang J, Deretic D (2015) The arf and rab11 effector fip3 acts
synergistically with asap1 to direct rabin8 in ciliary receptor tar-
geting. J Cell Sci. https://doi.org/10.1242/jcs. 162925

Roland JT, Bryant DM, Datta A, Itzen A, Mostov KE, Golden-
ring JR (2011) Rab gtpase-myoSb complexes control membrane
recycling and epithelial polarization. Proc Natl Acad Sci U S A.
https://doi.org/10.1073/pnas.1010754108

Swiatecka-Urban A, Talebian L, Kanno E, Moreau-Marquis S,
Coutermarsh B, Hansen K, Karlson KH, Barnaby R, Cheney
RE, Langford GM, Fukuda M, Stanton BA (2007) Myosin vb is
required for trafficking of the cystic fibrosis transmembrane con-
ductance regulator in rab11a-specific apical recycling endosomes
in polarized human airway epithelial cells. J Biol Chem. https://
doi.org/10.1074/jbc.M608531200

Lock JG, Stow JL (2005) Rab11 in recycling endosomes regu-
lates the sorting and basolateral transport of e-cadherin. Mol Biol
Cell. https://doi.org/10.1091/mbc.e04-10-0867

Vijay S, Chiu M, Dacks JB, Roberts RC (2016) Exclusive
expression of the rabl1 effector sh3tc2 in schwann cells links
integrin-a6 and myelin maintenance to charcot-marie-tooth dis-
ease type 4c. Biochem Biophys Acta. https://doi.org/10.1016/j.
bbadis.2016.04.003

Xu CL, Wang JZ, Xia XP, Pan CW, Shao XX, Xia SL, Yang SX,
Zheng B (2016) Rabl11-fip2 promotes colorectal cancer migra-
tion and invasion by regulating pi3k/akt/mmp7 signaling path-
way. Biochem Biophys Res Commun. https://doi.org/10.1016/j.
bbre.2016.01.031

Richards P, Didszun C, Campesan S, Simpson A, Horley B,
Young KW, Glynn P, Cain K, Kyriacou CP, Giorgini F, Nico-
tera P (2011) Dendritic spine loss and neurodegeneration is
rescued by rabl1 in models of huntington’s disease. Cell Death
Differ. https://doi.org/10.1038/cdd.2010.127

@ Springer


https://doi.org/10.1083/jcb.200108079
https://doi.org/10.1083/jcb.200108079
https://doi.org/10.1093/hmg/ddv415
https://doi.org/10.1038/srep06952
https://doi.org/10.1038/srep06952
https://doi.org/10.1242/dev.199644
https://doi.org/10.1016/j.celrep.2017.08.085
https://doi.org/10.1007/s100380200083
https://doi.org/10.1007/s100380200083
https://doi.org/10.1074/jbc.M115.669242
https://doi.org/10.1074/jbc.M115.669242
https://doi.org/10.1093/jb/mvy041
https://doi.org/10.1093/jb/mvy041
https://doi.org/10.1371/journal.pone.0083324
https://doi.org/10.1371/journal.pone.0083324
https://doi.org/10.3390/ijms20071688
https://doi.org/10.3390/ijms20071688
https://doi.org/10.1016/j.celrep.2022.110875
https://doi.org/10.1016/j.celrep.2022.110875
https://doi.org/10.15252/embj.2019102020
https://doi.org/10.1038/ncomms7504
https://doi.org/10.1016/j.ajhg.2010.01.011
https://doi.org/10.1016/j.ajhg.2014.10.015
https://doi.org/10.3389/fcell.2020.598622
https://doi.org/10.3389/fcell.2020.598622
https://doi.org/10.1091/mbc.e03-05-0343
https://doi.org/10.1091/mbc.e03-05-0343
https://doi.org/10.1242/jcs.02850
https://doi.org/10.1091/mbc.e10-01-0074
https://doi.org/10.1091/mbc.e10-01-0074
https://doi.org/10.1186/s40478-020-00964-z
https://doi.org/10.1186/s40478-020-00964-z
https://doi.org/10.1242/jcs.162925
https://doi.org/10.1073/pnas.1010754108
https://doi.org/10.1074/jbc.M608531200
https://doi.org/10.1074/jbc.M608531200
https://doi.org/10.1091/mbc.e04-10-0867
https://doi.org/10.1016/j.bbadis.2016.04.003
https://doi.org/10.1016/j.bbadis.2016.04.003
https://doi.org/10.1016/j.bbrc.2016.01.031
https://doi.org/10.1016/j.bbrc.2016.01.031
https://doi.org/10.1038/cdd.2010.127

Molecular and Cellular Biochemistry

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Li X, Valencia A, McClory H, Sapp E, Kegel KB, Difiglia M
(2012) Deficient rab11 activity underlies glucose hypometabo-
lism in primary neurons of huntington’s disease mice. Biochem
Biophys Res Commun. https://doi.org/10.1016/j.bbrc.2012.04.
070

Caswell PT, Spence HJ, Parsons M, White DP, Clark K, Cheng
KW, Mills GB, Humphries MJ, Messent AJ, Anderson KI,
McCaftfrey MW, Ozanne BW, Norman JC (2007) Rab25 asso-
ciates with alphaSbetal integrin to promote invasive migration
in 3d microenvironments. Dev Cell. https://doi.org/10.1016/j.
devcel.2007.08.012

Nam KT, Lee HJ, Smith JJ, Lapierre LA, Kamath VP, Chen X,
Aronow BJ, Yeatman TJ, Bhartur SG, Calhoun BC, Condie B,
Manley NR, Beauchamp RD, Coffey RJ, Goldenring JR (2010)
Loss of rab25 promotes the development of intestinal neoplasia
in mice and is associated with human colorectal adenocarcino-
mas. J Clin Invest. https://doi.org/10.1172/JC140728

Lindsay AJ, McCaffrey MW (2015) Rab antibody characteri-
zation: comparison of rab14 antibodies. Methods Mol Biol
(Clifton). https://doi.org/10.1007/978-1-4939-2569-8_13
LiY, Liu H, Shao J, Xing G (2017) Mir-320a serves as a nega-
tive regulator in the progression of gastric cancer by targeting
rab14. Mol Med Rep. https://doi.org/10.3892/mmr.2017.6937
Linford A, Yoshimura S, Nunes Bastos R, Langemeyer L,
Gerondopoulos A, Rigden DJ, Barr FA (2012) Rab14 and its
exchange factor fam116 link endocytic recycling and adherens
junction stability in migrating cells. Dev Cell. https://doi.org/
10.1016/j.devcel.2012.04.010

Wang M, Wang W, Ding J, Wang J, Zhang J (2020) Downregu-
lation of rab17 promotes cell proliferation and invasion in non-
small cell lung cancer through stat3/hif-1alpha/vegf signaling.
Thoracic Cancer. https://doi.org/10.1111/1759-7714.13278
Bergbrede T, Chuky N, Schoebel S, Blankenfeldt W, Geyer M,
Fuchs E, Goody RS, Barr F, Alexandrov K (2009) Biophysi-
cal analysis of the interaction of rab6a gtpase with its effec-
tor domains. J Biol Chem. https://doi.org/10.1074/jbc.M8060
03200

Fernandes H, Franklin E, Recacha R, Houdusse A, Goud B, Khan
AR (2009) Structural aspects of rab6-effector complexes. Bio-
chem Soc Trans. https://doi.org/10.1042/bst0371037

Matsuto M, Kano F, Murata M (2015) Reconstitution of the tar-
geting of rab6a to the golgi apparatus in semi-intact hela cells: A
role of bicd?2 in stabilizing rab6a on golgi membranes and a con-
certed role of rab6a/bicd2 interactions in golgi-to-er retrograde
transport. Biochim et Biophys Acta. https://doi.org/10.1016/].
bbamcr.2015.05.005

Pusapati GV, Luchetti G, Pfeffer SR (2012) Ricl-rgpl complex
is a guanine nucleotide exchange factor for the late golgi rab6a
gtpase and an effector of the medial golgi rab33b gtpase. J Biol
Chem. https://doi.org/10.1074/jbc.M112.414565

Liu S, Hunt L, Storrie B (2013) Rab41 is a novel regulator of
golgi apparatus organization that is needed for er-to-golgi traf-
ficking and cell growth. PLoS ONE. https://doi.org/10.1371/
journal.pone.0071886

Liu S, Majeed W, Kudlyk T, Lupashin V, Storrie B (2016) Identi-
fication of rab41/6d effectors provides an explanation for the dif-
ferential effects of rab41/6d and rab6a/a’ on golgi organization.
Front Cell Dev Biol. https://doi.org/10.3389/fcell.2016.00013
Iarossi G, Marino V, Maltese PE, Colombo L, D’Esposito F,
Manara E, Dhuli K, Modarelli AM, Cennamo G, Magli A,
Dell’Orco D, Bertelli M (2020) Expanding the clinical and
genetic spectrum of rab28-related cone-rod dystrophy: patho-
genicity of novel variants in Italian families. Int J Mol Sci.
https://doi.org/10.3390/ijms22010381

@ Springer

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Blacque OE, Scheidel N, Kuhns S (2018) Rab gtpases in cilium
formation and function. Small GTPases. https://doi.org/10.1080/
215412481353847

Ohishi Y, Ammann S, Ziaee V, Strege K, Gross M, Amos CV,
Shahrooei M, Ashournia P, Razaghian A, Griffiths GM, Ehl S,
Fukuda M, Parvaneh N (2020) Griscelli syndrome type 2 sine
albinism: Unraveling differential rab27a effector engagement.
Front Immunol. https://doi.org/10.3389/fimmu.2020.612977
Menasche G, Pastural E, Feldmann J, Certain S, Ersoy F, Dupuis
S, Wulffraat N, Bianchi D, Fischer A, Le Deist F, de Saint BG
(2000) Mutations in rab27a cause griscelli syndrome associated
with haemophagocytic syndrome. Nat Genet. https://doi.org/10.
1038/76024

Catz SD (2014) The role of rab27a in the regulation of neutrophil
function. Cell Microbiol. https://doi.org/10.1111/cmi.12328
Cetica V, Hackmann Y, Grieve S, Sieni E, Ciambotti B, Coniglio
ML, Pende D, Gilmour K, Romagnoli P, Griffiths GM, Arico M
(2015) Patients with griscelli syndrome and normal pigmenta-
tion identify rab27a mutations that selectively disrupt munc13—4
binding. J Allergy Clin Immunol. https://doi.org/10.1016/].jaci.
2014.08.039

BasuRay S, Mukherjee S, Romero E, Wilson MC, Wandinger-
Ness A (2010) Rab7 mutants associated with charcot-marie-tooth
disease exhibit enhanced ngf-stimulated signaling. PLoS ONE.
https://doi.org/10.1371/journal.pone.0015351

Verhoeven K, De Jonghe P, Coen K, Verpoorten N, Auer-Grum-
bach M, Kwon JM, FitzPatrick D, Schmedding E, De Vriendt E,
Jacobs A, Van Gerwen V, Wagner K, Hartung HP, Timmerman
V (2003) Mutations in the small gtp-ase late endosomal protein
rab7 cause charcot-marie-tooth type 2b neuropathy. Am J] Hum
Genet. https://doi.org/10.1086/367847

Aligianis IA, Johnson CA, Gissen P, Chen D, Hampshire D,
Hoffmann K, Maina EN, Morgan NV, Tee L, Morton J, Ains-
worth JR, Horn D, Rosser E, Cole TR, Stolte-Dijkstra I, Fieggen
K, Clayton-Smith J, Megarbane A, Shield JP, Newbury-Ecob
R, Dobyns WB, Graham JM Jr, Kjaer KW, Warburg M, Bond
J, Trembath RC, Harris LW, Takai Y, Mundlos S, Tannahill D,
Woods CG, Maher ER (2005) Mutations of the catalytic subunit
of rab3gap cause warburg micro syndrome. Nat Genet. https://
doi.org/10.1038/ng1517

Aligianis IA, Morgan NV, Mione M, Johnson CA, Rosser E,
Hennekam RC, Adams G, Trembath RC, Pilz DT, Stoodley N,
Moore AT, Wilson S, Maher ER (2006) Mutation in rab3 gtpase-
activating protein (rab3gap) noncatalytic subunit in a kindred
with martsolf syndrome. Am J Hum Genet. https://doi.org/10.
1086/502681

Fukui K, Sasaki T, Imazumi K, Matsuura Y, Nakanishi H, Takai
Y (1997) Isolation and characterization of a gtpase activating
protein specific for the rab3 subfamily of small g proteins. J Biol
Chem. https://doi.org/10.1074/jbc.272.8.4655

Nagano F, Sasaki T, Fukui K, Asakura T, Imazumi K, Takai
Y (1998) Molecular cloning and characterization of the non-
catalytic subunit of the rab3 subfamily-specific gtpase-activating
protein. J Biol Chem. https://doi.org/10.1074/jbc.273.38.24781
Ravikumar B, Imarisio S, Sarkar S, O’Kane CJ, Rubinsztein
DC (2008) Rab5 modulates aggregation and toxicity of mutant
huntingtin through macroautophagy in cell and fly models of
huntington disease. J Cell Sci. https://doi.org/10.1242/jcs.025726
Gendaszewska-Darmach E, Garstka MA, Blazewska KM (2021)
Targeting small gtpases and their prenylation in diabetes mellitus.
J Med Chem. https://doi.org/10.1021/acs.jmedchem.1c00410
Ginsberg SD, Alldred MJ, Counts SE, Cataldo AM, Neve RL,
Jiang Y, Wuu J, Chao MV, Mufson EJ, Nixon RA, Che S (2010)
Microarray analysis of hippocampal cal neurons implicates early
endosomal dysfunction during alzheimer’s disease progression.
Biol Psychiatry. https://doi.org/10.1016/j.biopsych.2010.05.030


https://doi.org/10.1016/j.bbrc.2012.04.070
https://doi.org/10.1016/j.bbrc.2012.04.070
https://doi.org/10.1016/j.devcel.2007.08.012
https://doi.org/10.1016/j.devcel.2007.08.012
https://doi.org/10.1172/JCI40728
https://doi.org/10.1007/978-1-4939-2569-8_13
https://doi.org/10.3892/mmr.2017.6937
https://doi.org/10.1016/j.devcel.2012.04.010
https://doi.org/10.1016/j.devcel.2012.04.010
https://doi.org/10.1111/1759-7714.13278
https://doi.org/10.1074/jbc.M806003200
https://doi.org/10.1074/jbc.M806003200
https://doi.org/10.1042/bst0371037
https://doi.org/10.1016/j.bbamcr.2015.05.005
https://doi.org/10.1016/j.bbamcr.2015.05.005
https://doi.org/10.1074/jbc.M112.414565
https://doi.org/10.1371/journal.pone.0071886
https://doi.org/10.1371/journal.pone.0071886
https://doi.org/10.3389/fcell.2016.00013
https://doi.org/10.3390/ijms22010381
https://doi.org/10.1080/215412481353847
https://doi.org/10.1080/215412481353847
https://doi.org/10.3389/fimmu.2020.612977
https://doi.org/10.1038/76024
https://doi.org/10.1038/76024
https://doi.org/10.1111/cmi.12328
https://doi.org/10.1016/j.jaci.2014.08.039
https://doi.org/10.1016/j.jaci.2014.08.039
https://doi.org/10.1371/journal.pone.0015351
https://doi.org/10.1086/367847
https://doi.org/10.1038/ng1517
https://doi.org/10.1038/ng1517
https://doi.org/10.1086/502681
https://doi.org/10.1086/502681
https://doi.org/10.1074/jbc.272.8.4655
https://doi.org/10.1074/jbc.273.38.24781
https://doi.org/10.1242/jcs.025726
https://doi.org/10.1021/acs.jmedchem.1c00410
https://doi.org/10.1016/j.biopsych.2010.05.030

Molecular and Cellular Biochemistry

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

Ginsberg SD, Mufson EJ, Alldred MJ, Counts SE, Wuu J, Nixon
RA, Che S (2011) Upregulation of select rab gtpases in cholin-
ergic basal forebrain neurons in mild cognitive impairment and
alzheimer’s disease. J Chem Neuroanat. https://doi.org/10.1016/j.
jchemneu.2011.05.012

Soo KY, Halloran M, Sundaramoorthy V, Parakh S, Toth RP,
Southam KA, McLean CA, Lock P, King A, Farg MA, Atkin
JD (2015) Rabl-dependent er-golgi transport dysfunction is
a common pathogenic mechanism in sodl, tdp-43 and fus-
associated als. Acta Neuropathol. https://doi.org/10.1007/
s00401-015-1468-2

Coune PG, Bensadoun JC, Aebischer P, Schneider BL (2011)
Rabla over-expression prevents golgi apparatus fragmentation
and partially corrects motor deficits in an alpha-synuclein based
rat model of parkinson’s disease. J Parkinsons Dis. https://doi.
org/10.3233/JPD-2011-11058

Chung CY, Koprich JB, Hallett PJ, Isacson O (2009) Functional
enhancement and protection of dopaminergic terminals by rab3b
overexpression. Proc Natl Acad Sci U S A. https://doi.org/10.
1073/pnas.0912193106

Seabra MC, Brown MS, Goldstein JL (1993) Retinal degenera-
tion in choroideremia: deficiency of rab geranylgeranyl trans-
ferase. Science. https://doi.org/10.1126/science.8380507
Seabra MC, Ho YK, Anant JS (1995) Deficient geranylgeranyla-
tion of ram/rab27 in choroideremia. J Biol Chem. https://doi.org/
10.1074/jbc.270.41.24420

Guney-Esken G, Aerts-Kaya F, (Methods in molecular biology,
(2022) Generation and hematopoietic differentiation of mesen-
chymal stromal/stem cell-derived induced pluripotent stem cell
lines for disease modeling of hematopoietic and immunological
diseases. Methods Mol Biol (Clifton). https://doi.org/10.1007/
7651_2021_452

Guney-Esken G, Erol OD, Pervin B, Gurhan Sevinc G, Onder
T, Bilgic E, Korkusuz P, Gunel-Ozcan A, Uckan-Cetinkaya D,
Aerts-Kaya F (2021) Development, characterization, and hemat-
opoietic differentiation of griscelli syndrome type 2 induced
pluripotent stem cells. Stem Cell Res Ther. https://doi.org/10.
1186/513287-021-02364-z

Wang Y, Sun H, Wang Z, Yang Z, Shi M, Yang J, Liu Y, Liu H,
Zhang S, Shi C, Xu Y (2017) Generation of induced pluripotent
stem cell line (zzui005-a) from a 21-year-old patient with a novel
rab39b gene mutation in x-linked juvenile parkinsonism. Stem
Cell Res. https://doi.org/10.1016/j.scr.2017.10.021

Erol OD, Seker ME, Aerts-Kaya F (2021) Correction of rab27a
from griscelli syndrome type ii-derived mesenchymal stem cells.
Human Gene Ther 32:19-20

Tolmachova T, Tolmachov OE, Barnard AR, de Silva SR,
Lipinski DM, Walker NJ, Maclaren RE, Seabra MC (2013)
Functional expression of rab escort protein 1 following aav2-
mediated gene delivery in the retina of choroideremia mice and
human cells ex vivo. J Mol Med (Berl). https://doi.org/10.1007/
s00109-013-1006-4

Vasireddy V, Mills JA, Gaddameedi R, Basner-Tschakarjan E,
Kohnke M, Black AD, Alexandrov K, Zhou S, Maguire AM,
Chung DC, Mac H, Sullivan L, Gadue P, Bennicelli JL, French
DL, Bennett J (2013) Aav-mediated gene therapy for choroider-
emia: preclinical studies in personalized models. PLoS ONE.
https://doi.org/10.1371/journal.pone.0061396

MacLaren RE, Groppe M, Barnard AR, Cottriall CL, Tolma-
chova T, Seymour L, Clark KR, During MJ, Cremers FP, Black
GC, Lotery AJ, Downes SM, Webster AR, Seabra MC (2014)
Retinal gene therapy in patients with choroideremia: 1nitial find-
ings from a phase 1/2 clinical trial. Lancet. https://doi.org/10.
1016/S0140-6736(13)62117-0

Tolmachova T, Tolmachov OE, Wavre-Shapton ST, Tracey-White
D, Futter CE, Seabra MC (2012) Chm/repl cdna delivery by

226.

227.

228.

229.

230.

231.

232.

233.

234,

235.

236.

237.

238.

239.

lentiviral vectors provides functional expression of the transgene
in the retinal pigment epithelium of choroideremia mice. J Gene
Med. https://doi.org/10.1002/jgm.1652

Soheili T, Durand A, Sepulveda FE, Riviere J, Lagresle-Peyrou
C, Sadek H, de Saint BG, Martin S, Mavilio F, Cavazzana M,
Andre-Schmutz I (2017) Gene transfer into hematopoietic stem
cells reduces hlh manifestations in a murine model of munc13-4
deficiency. Blood Adyv. https://doi.org/10.1182/bloodadvances.
2017012088

Cooray SS, Hacohen Y, Worth A, Eleftheriou D, Hemingway C
(2022) Treatment strategies for central nervous system effects
in primary and secondary haemophagocytic lymphohistiocyto-
sis in children. Curr Treat Opt Neurol. https://doi.org/10.1007/
s11940-022-00705-8

Sahenk Z, Galloway G, Clark KR, Malik V, Rodino-Klapac LR,
Kaspar BK, Chen L, Braganza C, Montgomery C, Mendell JR
(2014) AAV1.Nt-3 gene therapy for Charcot-Marie-Tooth neu-
ropathy. Mol Ther. https://doi.org/10.1038/mt.2013.250

Ikawa Y, Hess R, Dorward H, Cullinane AR, Huizing M, Gochu-
ico BR, Gahl WA, Candotti F (2015) In vitro functional correc-
tion of hermansky-pudlak syndrome type-1 by lentiviral-medi-
ated gene transfer. Mol Genet Metab. https://doi.org/10.1016/j.
ymgme.2014.11.006

Nieto-Alamilla G, Behan M, Hossain M, Gochuico BR, Mal-
icdan MCV (2022) Hermansky-pudlak syndrome: gene therapy
for pulmonary fibrosis. Mol Genet Metab. https://doi.org/10.
1016/j.ymgme.2022.08.008

Gopal Krishnan PD, Golden E, Woodward EA, Pavlos NJ, Blan-
cafort P (2020) Rab gtpases: emerging oncogenes and tumor sup-
pressive regulators for the editing of survival pathways in cancer.
Cancers. https://doi.org/10.3390/cancers12020259

Xu BH, Li XX, Yang Y, Zhang MY, Rao HL, Wang HY, Zheng
XF (2015) Aberrant amino acid signaling promotes growth and
metastasis of hepatocellular carcinomas through rabla-dependent
activation of mtorcl by rabla. Oncotarget. https://doi.org/10.
18632/oncotarget.5175

SuH, LiT, LiC, Liu X, Ling H, Li X (2020) Expression of rabla
in bladder cancer and its clinical implications. Exp Ther Med.
https://doi.org/10.3892/etm.2020.9174

Kajiho H, Kajiho Y, Frittoli E, Confalonieri S, Bertalot G, Viale
G, Di Fiore PP, Oldani A, Garre M, Beznoussenko GV, Pala-
midessi A, Vecchi M, Chavrier P, Perez F, Scita G (2016) Rab2a
controls mt1-mmp endocytic and e-cadherin polarized golgi traf-
ficking to promote invasive breast cancer programs. EMBO Rep.
https://doi.org/10.1552/embr.201642032

Kim JK, Lee SY, Park CW, Park SH, Yin J, Kim J, Park JB, Lee
JY, Kim H, Kim SC (2014) Rab3a promotes brain tumor ini-
tiation and progression. Mol Biol Rep. https://doi.org/10.1007/
s11033-014-3465-2

Luo Q, Liu Y, Yuan Z, Huang L, Diao B (2021) Expression
of rab3b in human glioma: Influence on cell proliferation and
apoptosis. Curr Pharm Des. https://doi.org/10.2174/1381612826
666200917145228

Chang YC, Su CY, Chen MH, Chen WS, Chen CL, Hsiao
M (2017) Secretory rab gtpase 3¢ modulates i16-stat3 path-
way to promote colon cancer metastasis and is associated
with poor prognosis. Mol Cancer. https://doi.org/10.1186/
$12943-017-0687-7

Yang J, Liu W, Lu X, Fu Y, Li L, Luo Y (2015) High expression
of small gtpase rab3d promotes cancer progression and metasta-
sis. Oncotarget. https://doi.org/10.1832/oncotarget.3575

Luo Y, Ye GY, Qin SL, Mu YF, Zhang L, Qi Y, Qiu YE, Yu
MH, Zhong M (2016) High expression of rab3d predicts poor
prognosis and associates with tumor progression in colorectal
cancer. Int J Biochem Cell Biol. https://doi.org/10.1016/j.biocel.
2016.03.017

@ Springer


https://doi.org/10.1016/j.jchemneu.2011.05.012
https://doi.org/10.1016/j.jchemneu.2011.05.012
https://doi.org/10.1007/s00401-015-1468-2
https://doi.org/10.1007/s00401-015-1468-2
https://doi.org/10.3233/JPD-2011-11058
https://doi.org/10.3233/JPD-2011-11058
https://doi.org/10.1073/pnas.0912193106
https://doi.org/10.1073/pnas.0912193106
https://doi.org/10.1126/science.8380507
https://doi.org/10.1074/jbc.270.41.24420
https://doi.org/10.1074/jbc.270.41.24420
https://doi.org/10.1007/7651_2021_452
https://doi.org/10.1007/7651_2021_452
https://doi.org/10.1186/s13287-021-02364-z
https://doi.org/10.1186/s13287-021-02364-z
https://doi.org/10.1016/j.scr.2017.10.021
https://doi.org/10.1007/s00109-013-1006-4
https://doi.org/10.1007/s00109-013-1006-4
https://doi.org/10.1371/journal.pone.0061396
https://doi.org/10.1016/S0140-6736(13)62117-0
https://doi.org/10.1016/S0140-6736(13)62117-0
https://doi.org/10.1002/jgm.1652
https://doi.org/10.1182/bloodadvances.2017012088
https://doi.org/10.1182/bloodadvances.2017012088
https://doi.org/10.1007/s11940-022-00705-8
https://doi.org/10.1007/s11940-022-00705-8
https://doi.org/10.1038/mt.2013.250
https://doi.org/10.1016/j.ymgme.2014.11.006
https://doi.org/10.1016/j.ymgme.2014.11.006
https://doi.org/10.1016/j.ymgme.2022.08.008
https://doi.org/10.1016/j.ymgme.2022.08.008
https://doi.org/10.3390/cancers12020259
https://doi.org/10.18632/oncotarget.5175
https://doi.org/10.18632/oncotarget.5175
https://doi.org/10.3892/etm.2020.9174
https://doi.org/10.1552/embr.201642032
https://doi.org/10.1007/s11033-014-3465-2
https://doi.org/10.1007/s11033-014-3465-2
https://doi.org/10.2174/1381612826666200917145228
https://doi.org/10.2174/1381612826666200917145228
https://doi.org/10.1186/s12943-017-0687-7
https://doi.org/10.1186/s12943-017-0687-7
https://doi.org/10.1832/oncotarget.3575
https://doi.org/10.1016/j.biocel.2016.03.017
https://doi.org/10.1016/j.biocel.2016.03.017

Molecular and Cellular Biochemistry

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

Frittoli E, Palamidessi A, Marighetti P, Confalonieri S, Bianchi
F, Malinverno C, Mazzarol G, Viale G, Martin-Padura I, Garré
M, Parazzoli D, Mattei V, Cortellino S, Bertalot G, Di Fiore PP,
Scita G (2014) A rab5/rab4 recycling circuitry induces a proteo-
lytic invasive program and promotes tumor dissemination. J Cell
Biol. https://doi.org/10.1083/jcb.201403127

Silva P, Mendoza P, Rivas S, Diaz J, Moraga C, Quest AF, Torres
VA (2016) Hypoxia promotes rab5 activation, leading to tumor
cell migration, invasion and metastasis. Oncotarget. https://doi.
org/10.18632/oncotarget.8794

Liu Q, Bai Y, Shi X, Guo D, Wang Y, Wang Y, Guo WZ, Zhang
S (2022) High ras-related protein rab-7a (rab7a) expression is a
poor prognostic factor in pancreatic adenocarcinoma. Sci Rep.
https://doi.org/10.1038/s41598-022-22355-1

Liu Y, Wang X, Zhang Z, Xiao B, An B, Zhang J (2019) The
overexpression of rab9 promotes tumor progression regulated by
xbpl in breast cancer. OncoTargets ther. https://doi.org/10.2147/
ott.S183748

Boulay PL, Mitchell L, Turpin J, Huot-Marchand J, Lavoie C,
Sanguin-Gendreau V, Jones L, Mitra S, Livingstone JM, Camp-
bell S, Hallett M, Mills GB, Park M, Chodosh L, Strathdee D,
Norman JC, Muller WJ (2016) Rab11-fiplc is a critical negative
regulator in erbb2-mediated mammary tumor progression. Can-
cer Res. https://doi.org/10.1158/0008-5472.Can-15-2782

Chen P, Chen G, Wang C, Mao C (2019) Rab13 as a novel prog-
nosis marker promotes proliferation and chemotherapeutic resist-
ance in gastric cancer. Biochem Biophys Res Commun. https://
doi.org/10.1016/j.bbrc.2019.08.141

Toannou MS, Bell ES, Girard M, Chaineau M, Hamlin JN,
Daubaras M, Monast A, Park M, Hodgson L, McPherson PS
(2015) Dennd2b activates rab13 at the leading edge of migrating
cells and promotes metastatic behavior. J Cell Biol. https://doi.
org/10.1083/jcb.201407068

Chen TW, Yin FF, Yuan YM, Guan DX, Zhang E, Zhang FK,
Jiang H, Ma N, Wang JJ, Ni QZ, Qiu L, Feng J, Zhang XL, Bao
Y, Wang K, Cheng SQ, Wang XF, Wang X, Li JJ, Xie D (2019)
Chml promotes liver cancer metastasis by facilitating rab14 recy-
cle. Nat Commun. https://doi.org/10.1038/s41467-019-10364-0
Wang K, Mao Z, Liu L, Zhang R, Liang Q, Xiong Y, Yuan W,
Wei L (2015) Rab17 inhibits the tumourigenic properties of
hepatocellular carcinomas via the erk pathway. Tumour Biol:
Journal Int Soc Oncodev Biol Med. https://doi.org/10.1007/
s13277-015-3251-3

Jiang X, Yang L, Gao Q, Liu Y, Feng X, Ye S, Yang Z (2022) The
role of rab gtpases and its potential in predicting immunotherapy
response and prognosis in colorectal cancer. Front genet. https://
doi.org/10.3389/fgene.2022.828373

Ge J, Chen Q, Liu B, Wang L, Zhang S, Ji B (2017) Knock-
down of rab21 inhibits proliferation and induces apoptosis in
human glioma cells. Cell Mol Biol Lett. https://doi.org/10.1186/
s11658-017-0062-0

Liu Y, Zeng C, Bao N, Zhao J, Hu Y, Li C, Chi S (2015) Effect of
rab23 on the proliferation and apoptosis in breast cancer. Oncol
Rep. https://doi.org/10.3892/0r.2015.4152

Jiang Y, Han Y, Sun C, Han C, Han N, Zhi W, Qiao Q (2016)
Rab23 is overexpressed in human bladder cancer and promotes
cancer cell proliferation and invasion. Tumour Biol. https://doi.
0rg/10.1007/s13277-015-4590-9

Cheng KW, Lahad JP, Gray JW, Mills GB (2005) Emerging role
of rab gtpases in cancer and human disease. Cancer Res. https://
doi.org/10.1158/0008-5472.CAN-05-0573

Cheng KW, Lahad JP, Kuo WL, Lapuk A, Yamada K, Auersperg
N, Liu J, Smith-McCune K, Lu KH, Fishman D, Gray JW, Mills
GB (2004) The rab25 small gtpase determines aggressiveness
of ovarian and breast cancers. Nat Med. https://doi.org/10.1038/
nml125

@ Springer

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

Jeong BY, Cho KH, Jeong KIJ, Park YY, Kim JM, Rha SY, Park
CG, Mills GB, Cheong JH, Lee HY (2018) Rab25 augments can-
cer cell invasiveness through a betal integrin/egfr/vegf-a/snail
signaling axis and expression of fascin. Exp Mol Med. https://
doi.org/10.1038/emm.2017.248

Jeong H, Lim KM, Kim KH, Cho Y, Lee B, Knowles BC, Roland
JT, Zwerner JP, Goldenring JR, Nam KT (2019) Loss of rab25
promotes the development of skin squamous cell carcinoma
through the dysregulation of integrin trafficking. J Pathol. https://
doi.org/10.1002/path.5311

Dong WW, Mou Q, Chen J, Cui JT, Li WM, Xiao WH (2012)
Differential expression of rab27a/b correlates with clinical out-
come in hepatocellular carcinoma. World J Gastroenterol. https://
doi.org/10.3748/wjg.v18.115.1806

Tan PY, Chang CW, Chng KR, Wansa KD, Sung WK, Cheung E
(2012) Integration of regulatory networks by nkx3—1 promotes
androgen-dependent prostate cancer survival. Mol Cell Biol.
https://doi.org/10.1128/mcb.05958-11

Worst TS, Meyer Y, Gottschalt M, Weis CA, von Hardenberg J,
Frank C, Steidler A, Michel MS, Erben P (2017) Rab27a, rab27b
and vps36 are downregulated in advanced prostate cancer and
show functional relevance in prostate cancer cells. Int J Oncol.
https://doi.org/10.3892/ijo.2017.3872

Hendrix A, Maynard D, Pauwels P, Braems G, Denys H, Van
den Broecke R, Lambert J, Van Belle S, Cocquyt V, Gespach C,
Bracke M, Seabra MC, Gahl WA, De Wever O, Westbroek W
(2010) Eftect of the secretory small gtpase rab27b on breast can-
cer growth, invasion, and metastasis. Je Natl Cancer Inst. https://
doi.org/10.1093/jnci/djq153

Grismayer B, Solch S, Seubert B, Kirchner T, Schafer S, Baret-
ton G, Schmitt M, Luther T, Kruger A, Kotzsch M, Magdolen V
(2012) Rab31 expression levels modulate tumor-relevant char-
acteristics of breast cancer cells. Mol Cancer. https://doi.org/10.
1186/1476-4598-11-62

Yang T, Zhiheng H, Zhanhuai W, Qian X, Yue L, Xiaoxu G,
Jingsun W, Shu Z, Kefeng D (2020) Increased rab31 expression
in cancer-associated fibroblasts promotes colon cancer progres-
sion through hgf-met signaling. Front Oncol. https://doi.org/10.
3389/fonc.2020.01747

Yang L, Tian X, Chen X, Lin X, Tang C, Gao Y, Chen S, Ge Z
(2020) Upregulation of rab31 is associated with poor prognosis
and promotes colorectal carcinoma proliferation via the mtor/
p70s6k/cyclin d1 signalling pathway. Life Sci. https://doi.org/
10.1016/j.1£5.2020.118126

Tsai CH, Cheng HC, Wang YS, Lin P, Jen J, Kuo 1Y, Chang YH,
Liao PC, Chen RH, Yuan WC, Hsu HS, Yang MH, Hsu MT, Wu
CY, Wang YC (2014) Small gtpase rab37 targets tissue inhibitor
of metalloproteinase 1 for exocytosis and thus suppresses tumour
metastasis. Nat Commun. https://doi.org/10.1038/ncomms5804
SunL, Yan T, Yang B (2022) The progression related gene rab42
affects the prognosis of glioblastoma patients. Brain Sci. https://
doi.org/10.3390/brainscil 2060767

Arends J, Bachmann P, Baracos V, Barthelemy N, Bertz H,
Bozzetti F, Fearon K, Hiitterer E, Isenring E, Kaasa S, Krznaric
Z, Laird B, Larsson M, Laviano A, Miihlebach S, Muscaritoli
M, Oldervoll L, Ravasco P, Solheim T, Strasser F, de van der
Schueren M, Preiser JC (2017) Espen guidelines on nutrition in
cancer patients. Clin Nutr. https://doi.org/10.1016/j.clnu.2016.
07.015

Chua CE, Tang BL (2015) The role of the small gtpase rab31 in
cancer. J Cell Mol Med. https://doi.org/10.1111/jcmm.12403
Anand S, Khan MA, Khushman M, Dasgupta S, Singh S, Singh
AP (2020) Comprehensive analysis of expression, clinicopatho-
logical association and potential prognostic significance of Rabs
in pancreatic cancer. Int J Mol Sci. https://doi.org/10.3390/ijms2
1155580


https://doi.org/10.1083/jcb.201403127
https://doi.org/10.18632/oncotarget.8794
https://doi.org/10.18632/oncotarget.8794
https://doi.org/10.1038/s41598-022-22355-1
https://doi.org/10.2147/ott.S183748
https://doi.org/10.2147/ott.S183748
https://doi.org/10.1158/0008-5472.Can-15-2782
https://doi.org/10.1016/j.bbrc.2019.08.141
https://doi.org/10.1016/j.bbrc.2019.08.141
https://doi.org/10.1083/jcb.201407068
https://doi.org/10.1083/jcb.201407068
https://doi.org/10.1038/s41467-019-10364-0
https://doi.org/10.1007/s13277-015-3251-3
https://doi.org/10.1007/s13277-015-3251-3
https://doi.org/10.3389/fgene.2022.828373
https://doi.org/10.3389/fgene.2022.828373
https://doi.org/10.1186/s11658-017-0062-0
https://doi.org/10.1186/s11658-017-0062-0
https://doi.org/10.3892/or.2015.4152
https://doi.org/10.1007/s13277-015-4590-9
https://doi.org/10.1007/s13277-015-4590-9
https://doi.org/10.1158/0008-5472.CAN-05-0573
https://doi.org/10.1158/0008-5472.CAN-05-0573
https://doi.org/10.1038/nm1125
https://doi.org/10.1038/nm1125
https://doi.org/10.1038/emm.2017.248
https://doi.org/10.1038/emm.2017.248
https://doi.org/10.1002/path.5311
https://doi.org/10.1002/path.5311
https://doi.org/10.3748/wjg.v18.i15.1806
https://doi.org/10.3748/wjg.v18.i15.1806
https://doi.org/10.1128/mcb.05958-11
https://doi.org/10.3892/ijo.2017.3872
https://doi.org/10.1093/jnci/djq153
https://doi.org/10.1093/jnci/djq153
https://doi.org/10.1186/1476-4598-11-62
https://doi.org/10.1186/1476-4598-11-62
https://doi.org/10.3389/fonc.2020.01747
https://doi.org/10.3389/fonc.2020.01747
https://doi.org/10.1016/j.lfs.2020.118126
https://doi.org/10.1016/j.lfs.2020.118126
https://doi.org/10.1038/ncomms5804
https://doi.org/10.3390/brainsci12060767
https://doi.org/10.3390/brainsci12060767
https://doi.org/10.1016/j.clnu.2016.07.015
https://doi.org/10.1016/j.clnu.2016.07.015
https://doi.org/10.1111/jcmm.12403
https://doi.org/10.3390/ijms21155580
https://doi.org/10.3390/ijms21155580

Molecular and Cellular Biochemistry

269.

270.

271.

272.

273.

274.

275.

Zhao H, Wang Q, Wang X, Zhu H, Zhang S, Wang W, Wang Z,
Huang J (2016) Correlation between rab27b and p53 expression
and overall survival in pancreatic cancer. Pancreas. https://doi.
org/10.1097/MPA.0000000000000453

Wang Q, Ni Q, Wang X, Zhu H, Wang Z, Huang J (2015) High
expression of rab27a and tp53 in pancreatic cancer predicts poor
survival. Med Oncol. https://doi.org/10.1007/s12032-014-0372-2
LiJ, Jin Q, Huang F, Tang Z, Huang J (2017) Effects of rab27a
and rab27b on invasion, proliferation, apoptosis, and chemore-
sistance in human pancreatic cancer cells. Pancreas. https://doi.
org/10.1097/mpa.0000000000000910

Li BY, He LJ, Zhang XL, Liu H, Liu B (2019) High expression
of rab38 promotes malignant progression of pancreatic cancer.
Mol Med Rep. https://doi.org/10.3892/mmr.2018.9732

Liu J, Gong X, Zhu X, Xue D, Liu Y, Wang P (2017) Rab27a
overexpression promotes bladder cancer proliferation and chem-
oresistance through regulation of nf-xb signaling. Oncotarget.
https://doi.org/10.18632/oncotarget.20775

Yoon SO, Shin S, Mercurio AM (2005) Hypoxia stimulates car-
cinoma invasion by stabilizing microtubules and promoting the
rabl1 trafficking of the alpha6beta4 integrin. Cancer Res. https://
doi.org/10.1158/0008-5472.Can-04-4122

Cheng JM, Volk L, Janaki DK, Vyakaranam S, Ran S, Rao KA
(2010) Tumor suppressor function of rab25 in triple-negative
breast cancer. Int J Cancer. https://doi.org/10.1002/ijc.24900

276.

2717.

278.

Ren P, Yang XQ, Zhai XL, Zhang YQ, Huang JF (2016) Overex-
pression of rab27b is correlated with distant metastasis and poor
prognosis in ovarian cancer. Oncol Lett. https://doi.org/10.3892/
01.2016.4801

Xu C, Liang T, Liu J, Fu Y (2022) Rab39b as a chemosensitivity-
related biomarker for diffuse large b-cell lymphoma. Front Phar-
macol. https://doi.org/10.3389/fphar.2022.931501

Jia LS, Michael T (2018) The function of rab35 in development
and disease. In: Shihori T (ed) Peripheral membrane proteins.
IntechOpen, Rijeka, p 4

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1097/MPA.0000000000000453
https://doi.org/10.1097/MPA.0000000000000453
https://doi.org/10.1007/s12032-014-0372-2
https://doi.org/10.1097/mpa.0000000000000910
https://doi.org/10.1097/mpa.0000000000000910
https://doi.org/10.3892/mmr.2018.9732
https://doi.org/10.18632/oncotarget.20775
https://doi.org/10.1158/0008-5472.Can-04-4122
https://doi.org/10.1158/0008-5472.Can-04-4122
https://doi.org/10.1002/ijc.24900
https://doi.org/10.3892/ol.2016.4801
https://doi.org/10.3892/ol.2016.4801
https://doi.org/10.3389/fphar.2022.931501

Supplement 11. Thesis related submitted paper 3

Human Cell

Assessment of potential side effects related to RAB27A overexpression in
mesenchymal and hematopoietic stem cells.
—Manuscript Drafi—

First Author Secondary information:
Order of Authors:

Order of Authors Secondary information:

HUCE-D-23.00061

Asscasment of potontial side eflocts related o RAB2TA ovorespreasion in
mesoncihymal and hematopoiotic stom cells.
Resoarch Article

Koywords: GT Pasea, RABZ7A, Griscoll Syndrome Type 2, Lontivirus, Gene Therapy,
Cancer

Fatma S. F. AERTS KAYA
Hacotiopo University: Hacettope Universiton
TURKEY

Hacetiope University: Hacettepe Universitos:

Ozgar Ozyonco
Niok P.van THl
Fatma S. F. AERTS KAYA

Onivoranes
m_'m) Asscc. Prof. Fatima 8. F. AERTS KAYA

Onnvoranesi
(TUK-2019-17780)
Toridye Elimsel vo Toknolojik Araghimma  Asscc. Prof. Fatima S. F. AERTS KAYA

[2165675)

RAB27A plays an important role in the regulation of exooytosls and intraceliular vealolo
tratcking. Loss-of-function mutations In e RABZVA gene cause dysfunctional
Immune celis and Griscoll Syndrome Type 2 (GS-2), whoreas upregulation of RAB2TA
In cancer colls s assodated with a worse prognosis and Incroased metastasis. Hore,
wo wanted 10 assesa tho potontial side offects of ovorexpreasion of RAB27A in

Asscc. Prof. Fatima 8. F. AERTS KAYA

colls (HSPCs) were fransducod with a lentiviral vector, camying a co-don-opsmized
RAB27A tranagone. Colls wore used for In vitro functional assays and In vivo
transplantation assays %0 assoss the offoct of RAB2TA on stem cell function.
Overmxprosaion of RAB27A resulied In phenotypic changes in MSCs, and docroased
colony forming capacity of HSPCa. Transplantation of RAB27A+ stom colla was not
associated wih any tumorigenesis. Despiio high expression of RAB27A In HEPCa



Title Page

Assessment of potential side effects related to RAB27A overexpression in mesenchymal and hematopoietic

stem cells.

Ozgiir Dogus Erol'2, Mehmet Emin Seker'?, Burcu Pervin!, Merve Gizer'?, Petek Korkusuz!3#, Ozgiir

Ozylincu®, Niek P. van Til®, Fatima Aerts-Kaya'>""

1. Hacettepe University Graduate School of Health Sciences, Department of Stem Cell Sciences, Center for Stem
Cell Research and Development (PEDISTEM), Ankara, Turkey;

2. Hacettepe University Advanced Technologies Application and Research Center (HUNITEK), Ankara,
Turkey;

3. Middle East Technical University Micro-Electro-Mechanical Systems Research and Application Center
(METU MEMS Center), Ankara, Turkey

4. Hacettepe University Faculty of Medicine, Department of Histology and Embryology, Ankara, Turkey
5. Hacettepe University Faculty of Medicine, Dept of Obstetrics and Gynecology, Ankara, Turkey

6. Department of Child Neurology, Amsterdam Leukodystrophy Center, Emma Children’s Hospital, Amster-
dam University Medical Centers, VU University, and Amsterdam Neuroscience, Cellular & Molecular

Mechanisms, Amsterdam, The Netherlands
7. Hacettepe University Laboratory Animals Research and Research Center (HUDHAM), Ankara, Turkey

*Correspondence: fatima.aerts@hacettepe.edu.tr, fatimaaerts@yahoo.com; Tel: 0090-312 305 28 21

First author: Ozgiir Dogus EROL

ORCID: 0000-0001-9301-5401

Mehmet Emin SEKER

ORCID: 0000-0002-8240-5938

Burcu PERVIN

ORCID: 0000-0002-5866-0955


mailto:oderol@hacettepe.edu.tr
mailto:m.eminseker57@gmail.com
mailto:burcu-pervin@hotmail.com

Merve GIZER

ORCID: 0000-0003-1911-2363

Petek KORKUSUZ

ORCID: 0000-0002-7553-3915

Ozgiur OZzYUNCU

ORCID: 0000-0003-3256-5762

Niek P. van TIL

ORCID: 0000-0002-9515-4103

Corresponding author: Fatima AERTS-KAYA

ORCID: 0000-0002-9583-8572


mailto:gizermerve@gmail.com
mailto:petekkorkusuz68@gmail.com
mailto:ozyuncu@hacettepe.edu.tr
mailto:n.p.vantil@amsterdamumc.nl
mailto:fatima.aerts@hacettepe.edu.tr

O 00 N O U

10
11
12
13
14
15
16
17
18
19
20
21

Abstract

RAB27A plays an important role in the regulation of exocytosis and intracellular vesicle trafficking. Loss-of-
function mutations in the RAB27A gene cause dysfunctional immune cells and Griscelli Syndrome Type 2 (GS-
2), whereas upregulation of RAB27A in cancer cells is associated with a worse prognosis and increased metastasis.
Here, we wanted to assess the potential side effects of overexpression of RAB27A in different types of healthy
stem cells, as preparation for the development of gene therapy for GS-2. Mesenchymal stem cells (MSCs) and
hematopoietic stem/progenitor cells (HSPCs) were transduced with a lentiviral vector, carrying a co-don-
optimized RAB27A transgene. Cells were used for in vitro functional assays and in vivo transplantation assays to
assess the effect of RAB27A on stem cell function. Overexpression of RAB27A resulted in phenotypic changes
in MSCs, and decreased colony forming capacity of HSPCs. Transplantation of RAB27A+ stem cells was not
associated with any tumorigenesis. Despite high expression of RAB27A in HSPCs before transplantation,
RAB27A levels in peripheral blood, bone marrow and spleen cells remained low, indicating overexpression of
RAB27A may have affected the long-term reconstitution potential. Development of gene therapy for GS-2 may

require finetuning of RAB27A expression, but is not likely to be complicated by RAB27A-induced tumorigenesis.

Keywords: GTPases, RAB27A, Griscelli Syndrome Type 2, Lentivirus, Gene Therapy, Cancer
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Introduction

Rab proteins are small GTPases that play a role in intracellular membrane trafficking [1]. They control membrane
identity, migration to and fusion of membranes, regulating cell signaling, cell proliferation and survival. Many
Rabs, including Rab3, Rab5, Rab7, Rab9, Rabl4, and Rab27 have been associated (in)directly with the
development of different types of cancers [2].

RAB27A is involved in the regulation of specialized secretory granules, such as melanosomes, lytic
granules and platelet-dense granules. Mutations in RAB27A and its effectors, MUNC14-4 and MYO-VA, may cause
the development of Griscelli Syndrome Type 2 (GS-2) [3, 4], which presents as an immunodeficiency and is caused
by a dysfunction of intracellular vesicle trafficking. Where dysfunction of melanocytes results in
hypopigmentation, dysregulation of innate and effector immune cells, including neutrophils, macrophages and T
cells, causes an increased susceptibility to infections and hemophagocytic lymphohistiocytosis (HLH) [3, 4].

Current treatment for GS-2 is hematopoietic stem cell (HSC) transplantation [3, 4], but in the absence of
a donor lentiviral (LV) gene therapy may be another option. For some immune deficiencies, including Adenosine
Deaminase (ADA) SCID, X-linked SCID (X-SCID), Recombination activating-gene (RAG) 1 and 2 deficiency,
Chronic Granulomatous Disease (CGD) and Wiskott—Aldrich Syndrome (WAS) gene therapy has been developed
[5-10]. However, since the use of retroviral vectors has been associated with insertional mutagenesis [11-14],
lentiviral vectors with a more favorable safety profile are being preferred for clinical development [7, 15].
Although LV gene therapy has been linked with an increase in leukemia after HSC gene therapy, these events
were linked to the promoter or the transgene, rather than to the vector [16-18].

The role of RAB GTPases in (the progression of) cancer has become an important topic in cancer
research. Intracellular vesicular transport and secretion affects critical mechanisms, such as tumor cell metastasis
and invasiveness [2]. RAB27A is an important regulator of these mechanisms and it may play a direct role in the
invasion and metastasis of cancer [19]. For example, RAB27A is involved in the secretion of matrix
metalloproteinases (MMPs) [20-22], which through degradation of extracellular matrix may promote cancer cell
invasion. Furthermore, upregulation of RAB27-dependent recycling of MT1-MMP may promote invasiveness of
breast cancer cells [22]. RAB27A has been implicated in the regulation of exosome secretion at the plasma
membrane [23], facilitating cancer cell survival and metastasis [24]. However, upregulation of RAB27A may be
secondary to other changes in precancerous cells [22, 25], although enforced overexpression of RAB27A has been
shown to increase cell proliferation, invasion and chemoresistance of cancer cells [26].

Here, we wanted to assess the possible negative or neoplastic stimulating effects of overexpression of
RAB27A in mesenchymal stem cells (MSCs) and hematopoietic stem and progenitor cells (HSPCs). We used a
lentiviral vector with the constitutively active SF promoter to unveil any risks related to overexpression of
RAB27A, as a preliminary safety study for the development of lentiviral gene therapy for GS-2. This study may
enhance our understanding of the cancer biology of stem cells and identify RAB27A as a potential therapeutic

target. In addition, it will allow the development of safe gene transfer methods for the treatment of GS-2.
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Results

Overexpression of RAB27A in MSCs and HSPCs may interfere with stem cell function
First, we wanted to identify cells with low endogenous RAB27A expression. We measured RAB27A expression
in three leukemic (Daudi, HL60 and Jurkat) and the HEK293T cell lines (Figure S1). RAB27A expression was
highest in the HEK293T cells, whereas expression of RAB27A in the leukemic cell lines was highly variable (20-
90%). Since endogenous expression of RAB27A in MSCs and HSPCs was considerably lower (<20%), we decided
to use these stem cells for the overexpression assays. We used human BM-MSCs, human UCB CD34+ and murine
BM CD117+ HSPCs. BM-MSCs expressed high levels of the MSC-specific markers CD29, CD44, CD73, CD90,
CD105 and CD166 (all>95%) and showed normal differentiation (Figure S2). Lentiviral transduction rapidly
increased RAB27A expression (Figure 1A), but caused a decrease in MSC adherence markers, including CD29
(68,6%), CD44 (92,6%) and CD105 (18,4%) and complete loss of expression of the MSC stem cell markers CD73,
CD90, CD166. However, it did not affect differentiation of RAB27A+ MSCs (Figure 1B), indicating possible
interference of RAB27A with MSC stemness/function, but not adherence or viability.

Similar to MSCs, we found low endogenous expression of RAB27A in UCB CD34+ and BM CD117+
HSPCs, which rapidly increased after transduction (Figure 2). RAB27A overexpression in HSPCs resulted in a
decrease in colony forming numbers, although overall CFU morphology remained unchanged (Figure 3A, Table
S2).

A Flow cytometry RT-qPCR RAB27A B RT-qPCR differentiation
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Figure 1. RAB27A expression in MSCs before and after transduction. Healthy BM-MSCs were transduced
with LV-RAB27Aco. (A) Expression of RAB27A in MSCs before and after transduction was confirmed using
flow cytometry (upper left), RT-gPCR (upper right), immunofluorescence microscopy (lower left) and Western
Blot (lower right). (B) RAB27A+ MSCs were differentiated for 7 days and expression of SCD (early adipogenic
marker), PPARG (late adipogenic marker), ALPL (early osteogenic marker) and RUNX2 (late osteogenic marker)

was measured.
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Figure 2. RAB27A expression in human and murine HSPCs before and after transduction. Healthy donor
UCB CD34+ HSPCs and murine BM CD117+ cells were transduced with LV-RAB27Aco. Expression of
RAB27A in the CD34+ and CD117+ cells before and after transduction was assessed using flow cytometry (left)
and in CD34+ cells confirmed with RT-qPCR (right).
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Figure 3. RAB27A expression does not affect the differentiation potential of HSPCs. Myeloid differentiation
of CD34+ HSPCs before and after transduction. (A) Control and RAB27A transduced CD34+ HSPCs were
assessed for Erythroid (BFU-E) and Granulocytic/Monocytic (CFU-GM) colony formation; (B) RAB27A
transduced CD34+ HSPCs were assessed for expression of HSPC (CD43 and CD34) and mature myeloid markers

i.e.,, CD16, CD33, CD38 and CD45 before and after differentiation.

We observed no lineage bias towards erythroid or granulocytic lineage. Assessment of RAB27A+ HSPCs before
and after differentiation revealed a normal increase in myeloid-specific markers (Figure 3B). These data indicate
that RAB27A overexpression is not directly associated with MSC or HSPC toxicity or viability. However, general

stem cell function and/or stemness may be affected by continuous overexpression of the protein.

RAB27A+ MSCs do not cause development of mesenchymal tumors
After transplantation of LV-RAB27A-transduced or control MSCs in Rag2 mice we did not observe any signs of

tumorigenic or immune activity. Although one mouse (HU-R338) from the MSC control group developed acute
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myeloid leukemia (AML), none of the other mice transplanted with MSCs, either transduced or non-transduced,
showed any signs of leukemia (Figure S3). Clinical inspection of the mice did not suggest the development of
solid tumors and all mice, except for one mouse in the SF-RAB27A treated group (HU-R490), were sacrificed at
the intended period. However, this mouse was killed by its litter mates and could not be assessed. Detailed
inspection of the tissues adjacent to the injection site showed no signs of aberrant growth or malignant cells,
although mononuclear cell infiltrates were observed in the surrounding loose subcutaneous connective tissue and
striated muscles in mice from both groups (Figure 4A-L). Similarly, inspection of the lung tissue, as the primary
tissue for metastasis in this area, showed the presence of widespread granulation tissue, characterized by dense
cellular infiltrates in the peribranchial and bronchiolar lung stroma of both mice transplanted with MSCs and
RAB27A+ MSCs, but no evidence of malignant cells (Figure 4M-Y).

RAB27A overexpression in HSPCs affects their long-term engraftment potential

We then transplantated control or RAB27A-transduced BM CD117+ or UCB CD34+ HSPCs into Rag2 mice.
Engraftment was followed by assessing PB CD3+ T cell and CD19+ B cells. Whereas transplantation of murine
CD117+ HSPCs resulted in robust immune recovery, transplantation of human CD34+ HSPCs resulted in only
marginal engraftment (Figure 5A). The latter is expected since the Rag2 mouse model is leaky with residual NK
cell activity, and may allow low engraftment in a xenotransplant setting. We found no differences in c-kit+ or
CD34+ cell numbers in mice transplanted with control or RAB27A+ HSPCs. We observed the appearance of of
CD3 and CD19 cells derived from the transplants, especially in the mice transplanted with murine RAB27A+
CD117+ cells. However, the level of intracellular RAB27A expression in the PB, BM and spleen total nucleated
cells of these mice was unexpectedly low (Figure S4), despite high transduction levels before transplantation.
Thus, RAB27A transduced cells may have contributed only marginally to the total engraftment or alternatively
that RAB27A expression may have been lost in time. We therefore decided to assess RAB27A gene expression in
the BM of mice transplanted with RAB27A+ CD117+ and CD34+ HSPCs using RT-gPCR (Figure 5B). Since we
used primer sequences designed to detect our codon-optimized transgene, we are not able to measure the presence
of physiological RAB27A gene expression before transplantation. We therefore used the ACt method, rather than
the AACt method. Although we detected gene expression of RAB27Aco in the BM of transplanted mice, the relative
expression levels RAB27Aco were very low. To assess overall engraftment of male (Sry+) Balb/c control and
transduced CD117+ cells in female (Sry-) mice, we measured Sry expression in BM of transplanted animals. In
agreement with the immune reconstitution data, we found high expression of Sry in BM and spleen tissue.
However, since this Sry expression did not correlate with RAB27A expression, we conclude that RAB27A

transduced cells were not a major contributing cell fraction to the overall success of the transplantation.
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Figure 4. Histological assessment of MSC injection sites. Control and RAB27A+ MSCs were transplanted into
Rag2 mice. Histological staining with H/E of injection sites (A-F) control MSCs; (G-L) RAB27A+ MSCs and
lung tissue (M-S) control MSCs; (T-Y) RAB27A+ MSCs were assessed for the presence of malignancy or

inflammation. Mononuclear cell infiltrates was detected in connective tissue and striated muscles of mice in both
groups (A-L). Lung parenchyma showed healthy alveoli, bronchi and bronchioles. Peribranchial and bronchiolar

lung stroma exhibited cellular infiltrates (M-Y) without signs of malignant cells (black arrows).
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Figure 5. Assessment of engraftment potential of RAB27A transduced HSPCs. (A) Control and RAB27A+
human CD34+ and murine CD117+ HSPCs were transplanted in Rag2 mice. Engraftment was followed by
assessing the appearance of CD3 T cells and CD19 B cells in the PB (left). After sacrifice changes in CD117+ and
CD34+ cell numbers in bone marrow (BM) and spleen tissue (SPL) were assessed (middle). (B) Despite BM and
SPL chimerism (as measured by Sry) RAB27A gene expression in BM of mice transplanted with RAB27A
transduced cells was very low and not detectable in SPL (right).

Discussion

Many Rab GTPases are involved in the initiation, progression or metastasis of a wide range of malignancies [2].
RAB27A plays a role in intracellular membrane trafficking, exocytosis and regulation of cell-to-cell
communication through extracellular vesicles. However, the potential role of RAB27A in the development of
malignancies is unknown. RAB27A expression is upregulated in specific cancers [20, 25, 27] and promotes
proliferation and invasiveness of cancer cell lines [27, 28]. In contrast, inhibition or suppression of RAB27A
expression has been correlated with a better prognosis in certain cancers and decreased proliferation and
invasiveness of cancer cells [29, 30]. Nevertheless, it remains unclear whether RAB27A functions as a trigger,
merely facilitates cancer or metastasis or is actively involved in the development of the malignancy. Here, we
assessed potential risks related to overexpression of RAB27A, as a preparation for the development of gene therapy
for GS-2.

We did not find any evidence for tumorigenesis-initiating effects of RAB27A overexpression in MSCs
or HSPCs. However, we did notice that after RAB27A overexpression both MSCs and HSPCs appear to be
functionally impaired. Although lentiviral transduction was not associated with loss of viability, overexpression
of RAB27A in MSCs resulted in an isolated decrease in expression of MSC stem cell, but not adhesion markers,
indicating a possible effect on stemness. Conversely, ectopic overexpression of RAB27A in cancer stem cells has
been shown to promote stemness of these cells via upregulation of cytokine secretion, resulting in promotion of
proliferation and metastasis [25]. These contradictory findings suggest that RAB27A may suppress mesenchymal
epithelial transition (MET) in healthy cells, but suppress epithelial mesenchymal transition (EMT) in cancer cells
[31]. We did not observe any negative effects of RAB27A overexpression on differentiation. RAB27A
overexpressing CD34+ HSPCs showed normal myeloid differentiation, although the CFU numbers appeared to be

decreased.
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Other mechanisms through which RAB27A overexpression may affect stem cells is by interference with
normal physiological functions. Previous studies have shown a role for Rabs in the development of
neurodegenerative diseases and upregulation of RAB27 in cholinergic neurons has been shown to be correlated
with cognitive decline in individuals with cognitive impairment and Alzheimer’s disease [32]. It has been
suggested that RAB27A may mediate cognitive impairment through interference with neurotransmitter release
and dysregulation of axonal transport [33].

To assess the effects of RAB27A overexpression in vivo, we transplanted Rag2 mice with RAB27A
overexpressing MSC or HSPCs. We did not observe any tumors in the RAB27A+ MSC transplanted group,
although we did encounter one case of AML in the MSC control group. However, since the spontaneous
development of leukemias has been described for several immune deficient mouse models [34, 35], and since the
origin of the leukemia is hematologic and not mesenchymal, we believe this leukemia to be a result of the
weakened immune system. Other than this, we only observed mononuclear cell infiltrates around the MSC
injection sites and in lung tissue [36] in both control MSC and RAB27A+ MSC transplanted groups.

Since chimerism after transplantation with human CD34+ HSPCs were low (<5%, based on PB T/B cell
numbers), it was difficult to assess any effect of RAB27A overexpression. We found 4% CD34+ in BM and SPL
tissue, indicating low, but persistent human cell engraftment, with no differences in engraftment between the
control CD34 and RAB27A+ CD34 transplanted mice. We did not detect evidence of leukemia in any of the
transplanted mice. Considering the high level of transduction efficiency (>90% in CD34+ HSPCs), we expected a
significant amount of RAB27A expression in PB, BM and spleen. However, when we assessed these tissues, we
found very low expression of RAB27A. Mice transplanted with CD117+ cells showed engraftment with high levels
of T/B cells, especially in mice transplanted with RAB27A+ CD117 cells. Despite high levels of Sry expression,
RAB27A expression in RAB27A+ CD117 mice was not higher than that of control CD117 mice, indicating that
either 1) RAB27A transduced cells did not contain the HSPCs with long-term engraftment potential; 2) RAB27A+
HSPCs were functionally defect, resulting in a lower-than-expected contribution to overall engraftment; 3)
RAB27A+ HSPCs may have lost expression of RAB27A due to methylation of CpG islands in the SF promoter,
which has been shown to occur commonly during hematopoietic differentiation [37].

Thus, RAB27A overexpression in healthy stem cells does not appear to initiate a cascade of events that
result in the formation of tumorigenic tissue, nor did it interfere with their viability or differentiation capacity.
However, upregulation of RAB27A in many cancers indicates that RAB27A may create a favorable environment
for cancer cell growth and progression. We found that stem cells overexpressing RAB27A may show changes in
cellular behavior that may result in loss of stemness. Since effective treatment of GS-2 with LV-RAB27A does
not require cross-correction of neighboring cells (as is the case with many metabolic diseases), localized RAB27A
expression in specific immune cells only would be sufficient. For the development of gene therapy for GS-2 we
should therefore aim at RAB27A expression levels that are closer to physiological expression levels, for example
by using a PGK or methylation-resistant UCOE promoter [10]. Alternatively, RAB27A expression could be
regulated by using the RAB27A promoter itself or miRNA to suppress excessive RAB27A expression in the stem

cells.



220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259

Materials and methods

Animals

Mouse studies were carried out at the Hacettepe University Laboratory Animals Research and Application Center
after approval of the experimental procedures by the Hacettepe University Animal Experiments Ethical Committee
(2020/02-03). BALB/c-Rag2” (Rag2) mice were kindly provided by Prof. Dr. Gerard Wagemaker (Erasmus
University Medical Center, Rotterdam, The Netherlands) [10]. Healthy Balb/c mice were purchased from Ankara

University Experimental Animal Research Laboratory. Animals were allowed free access to irradiated chow.

Isolation of MSCs and HSPCs

BM-MSCs from healthy donors and GS-2 patients were obtained after approval by the Hacettepe University
Ethical Committee for Non-Interventional Clinical Research (GO14/424) and informed consent [38]. MSCs were
cultured with DMF10, consisting of DMEM-LG (Dulbecco's Modified Eagle Medium-Low Glucose, Thermo
Fisher Scientific, #31885), MCDB-201 (Sigma, #M6770) medium, 10% Fetal Bovine Serum (FBS, Life
Technologies, #10270), 1% penicillin/streptomycin (P/S, Gibco, #15140) and 2 mM L-glutamine (Sigma,
#G3126). Adipogenic and osteogenic differentiation of MSCs was done, as described before [39].

Human umbilical cord blood (UCB) was collected from healthy newborns at the Hacettepe University of
Obstetrics and Gynecology Department after approval by the Hacettepe University Non-Interventional Ethics
Committee, GO20/316. UCB CD34+ HSPCs were selected, as previously described [40]. During lentiviral
transductions CD34+ HSPCs were cultured overnight in HSC expansion medium (Miltenyi, #130-100-463) with
30 ng/mL human TPO (rhTPO, R&D Systems, #288-TP-025). For colony assays 10° cells were resuspended in
Methocult Classic (Stem Cells Technologies, #H4434). Myeloid colonies were counted 10-14 days later.

Balb/c BM cells were collected from male mice and used for CD117+ selection using lineage depletion
(Miltenyi, #130-090-858), followed by positive selection for CD117 (Miltenyi, #130-091-224). CD117+ BM cells
were cultured with HSC expansion medium (Miltenyi, #130-100-463) with 30 ng/mL murine TPO (rmTPO,
Peprotech, #315-14) [41].

Lentiviral vector constructs and transduction

The transgene encoding codon-optimized human RAB27Aco, was cloned into a lentiviral backbone plasmid with
a constitutively active SFFV promoter (pRRL.PPT.SF.RAB27Aco.IRES.EGFP.WPRE4*.SIN, or briefly LV-
RAB27Aco) [10, 42]. LV production and titration were done according to standard procedures [42].
Overexpression of RAB27A was obtained by overnight lentiviral transduction of MSCs (MOI:20), CD34+ and
CD117+ cells (both MOI:30).

Immunophenotyping

MSCs were resuspended in PBN (PBS, 5% BSA, 0,5% NaN3) + 2% human AB serum. Cells were stained with
antibodies against CD29, CD34, CD44, CD73, CD90, CD105 and CD166. CD34+ HSPCs were stained with anti-
CD34, CD38 and hCD45, murine CD117+ cells were stained with anti-CD117, Sca-1 and mCD45. All antibodies
were from BioLegend. For intracellular RAB27A staining, cells were fixed with Fixation buffer (Becton
Dickinson, #554655) and permeabilized with Perm Buffer 111 (Becton Dickinson, #558050). Cells were incubated



260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
2901
292
293
294
295
296
297
298
299

with anti- RAB27A antibody (Thermo Scientific, #4D3F11), followed by incubation with anti-mouse-FITC
(eBioscience, #11-4220-82) antibody. Cells were assessed using a BD Accuri C6 plus flow cytometer (Becton

Dickinson).

Western Blotting

Cells were lysed with RIPA buffer containing protease inhibitors (Roche, #5892970001). Proteins (20 ug) were
loaded onto a 15% polyacrylamide gel and transferred to the PVDF membrane with a Trans-Blot system (Biorad,
#1704150). Membranes were blocked with 5% non-fat dry milk (Bio-Rad, #1706404) in 0,1% Tween-20 in TBS
(TBS-T) and incubated with anti-RAB27A antibody (1:1000, Saint John’s, #STJ25258). Membranes were then
stained with a secondary antibody (1:10000, Advansta, #R-05072-500). GAPDH (1:10000, Invitrogen, #MAb5-
15738) was used as a housekeeping protein. Proteins were detected using ECL (Thermo Scientific, #32132) and
imaged using a FluorChem FC3 (R&D Systems).

Immunofluorescence staining

LV-RAB27Aco transduced BM-MSCs were fixed with 4% paraformaldehyde (Sigma, #8187085000) and
permeabilized with 0,1% Triton X-100 (Merck, CAS # 9036-19-5) in PBS. Cells were blocked with blocking
buffer (BB) consisting of 5% BSA (Merck, #10735094001), 0,1% Tween-20 (Cellconic, CAS #9005-64-5) in PBS
and stained with anti-GAPDH and anti-RAB27A antibodies followed by incubation with goat anti-rabbit IgG
(#ab175471) and goat anti-mouse 1gG (#ab175473), respectively. Nuclei were counterstained with 5 mg/mL DAPI
(Sigma, #D8417-5MG). Photographs were taken with an inverted microscope (Olympus LS, 1X73) and analyzed
using ImageJ software (NIH, Java, 2022).

gRT-PCR

RNA isolation was performed with the Direct-zol RNA isolation kit (Zymo, #R2062), according to the
manufacturer’s protocol. RNA was reverse transcribed to cDNA and qRT-PCR was performed using the GoTaq
2-Step RT-qPCR kit (Promega, #A6010) and LightCycler 480 Probes Master mix (Roche, # 04707494001)
assessed using a Light Cycler 480 Il (Roche, USA). The primer sequences used are shown in Table S1. GAPDH
and B2M were used as a housekeeping gene for normalization and the 2247 method was used to calculate the

relative gene expression.

Transplantation and follow-up

1x10% RAB27A+ or control MSCs were injected s.c. with 100 uL Matrigel (Corning, #354234) into Rag2 mice
(n=3 per group). Mice were followed for 3 months. Upon sacrifice, tissues surrounding the injection site and lungs
were collected. PB cells were used for FACS analysis. RAB27A+ CD34+ (n=3) and CD117+ (n=3) HSPCs were
injected i.v. at a concentration of 1,2x10° CD34+ or 3x10* CD117+ cells, respectively, into Rag2 mice pretreated
with 25 mg/kg Busulfan. Non-transduced human CD34+ (n=3) and murine CD117+ (n=3) cells were injected in
control mice. Mice were observed for 6 months. Upon sacrifice, spleen (SPL), peripheral blood (PB) and bone

marrow (BM) cells were collected and assessed for the presence of RAB27A.
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Histological analysis

Tissue samples surrounding the injection sites and lung tissue were collected and assessed since these are often
the primary metastatic sites of malignant cells after transplantation in the intrascapular subcutaneous region [36].
Samples were fixed in 10% phosphate-buffered formaldehyde solution, dehydrated through a graded series of
ethanol and cleared in Xylene in an automated tissue processor (TP1020, Leica, Germany). Paraffin-embedded
samples (LG1150H-C, Leica, Germany) were cut into 3 pm thick sections (SM2000R, Leica, Germany),
deparaffinized at 60°C overnight and stained with Hematoxylin/Eosin (H&E). Samples were assessed for the
presence of MSCs or any pathology related to the transplantation (i.e., infections, signs of inflammation, tumor
growth, aberrant cell differentiation, etc.) using a bright field microscope (DM6B, Leica, Germany) and analyzed

using the attached image analysis program (LASX, Leica, Germany).

Statistical analysis
Student T-test analysis was performed to determine statistical significance (p-value <0,05) for differences between

two groups. All calculations were performed using the Microsoft Excel spreadsheet program.
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