
Vol.:(0123456789)1 3

Journal of Cancer Research and Clinical Oncology (2018) 144:1933–1944 
https://doi.org/10.1007/s00432-018-2724-3

ORIGINAL ARTICLE – CANCER RESEARCH

Diverging impact of cell fate determinants Scrib and Llgl1 on adhesion 
and migration of hematopoietic stem cells

Banaja P. Dash1 · Tina M. Schnöder1,2 · Carolin Kathner1,2 · Juliane Mohr3,4 · Sönke Weinert5 · Carolin Herzog4 · 
Parimala Sonika Godavarthy6 · Costanza Zanetti6 · Florian Perner1,2 · Rüdiger Braun‑Dullaeus5 · Björn Hartleben7 · 
Tobias B. Huber8,9,10 · Gerd Walz9 · Michael Naumann11 · Sarah Ellis12 · Valera Vasioukhin13 · Thilo Kähne11 · 
Daniela S. Krause6 · Florian H. Heidel1,2 

Received: 16 June 2018 / Accepted: 30 July 2018 / Published online: 6 August 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Purpose Cell fate determinants Scrib and Llgl1 influence self-renewal capacity of hematopoietic stem cells (HSCs). Scrib-
deficient HSCs are functionally impaired and lack sufficient repopulation capacity during serial transplantation and stress. 
In contrast, loss of Llgl1 leads to increased HSC fitness, gain of self-renewal capacity and expansion of the stem cell pool. 
Here, we sought to assess for shared and unique molecular functions of Llgl1 and Scrib by analyzing their interactome in 
hematopoietic cells.
Methods Interactome analysis was performed by affinity purification followed by mass spectrometry. Motility, migration 
and adhesion were assessed on primary murine HSCs, which were isolated by FACS sorting following conditional deletion 
of Scrib or Llgl1, respectively. Imaging of Scrib-deficient HSCs was performed by intravital 2-photon microscopy.
Results Comparison of Scrib and Llgl1 interactome analyses revealed involvement in common and unique cellular functions. 
Migration and adhesion were among the cellular functions connected to Scrib but not to Llgl1. Functional validation of 
these findings confirmed alterations in cell adhesion and migration of Scrib-deficient HSCs in vitro and in vivo. In contrast, 
genetic inactivation of Llgl1 did not affect adhesion or migratory capacity of hematopoietic stem cells.
Conclusion Our data provide first evidence for an evolutionarily conserved role of the cell fate determinant Scrib in HSC 
adhesion and migration in vitro and in vivo, a unique function that is not shared with its putative complex partner Llgl1.
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Introduction

In drosophila the Scribble complex consists of Scribble 
(Scrib), Discs large (Dlg) and Lethal giant larvae (Lgl) and 
these complex partners are involved in regulation of intra-
cellular and inter-cellular signaling. Thereby, the complex 
influences cellular responses and facilitates subsequent 
cell fate decisions. An important mechanism by which the 
Scribble complex regulates cell fate decisions is asymmet-
ric cell division (ACD), which modulates polarity during 
cell division and results in the production of two daughter 
cells with different molecular properties (Knoblich 2010). 
Loss of cell polarity can influence tumor development, 
progression and metastasis, but may also affect stem cell 
function by its relevance for cell division processes (Hum-
bert et al. 2008; Knoblich 2010). Cellular functions of the 
Scribble complex members have been studied in detail in 
drosophila organ development and cellular differentiation. 
In mammalian cells, several homologs of Dlg (Dlg1-4) 
and Lgl (Llgl1-2) exist while Scribble has none. Recent 
data suggests, that some cellular functions of the Scrib-
ble complex members are evolutionarily conserved in the 
mammalian system, however, they may vary depending on 
the underlying cell type or differentiation stage (Hawkins 
et al. 2013, 2014, 2016; Heidel et al. 2015; Humbert et al. 
2008; Mohr et al. 2018; Sengupta et al. 2011). Recently, 
we and others provided the first evidence for a functional 
role of Llgl1 and Scrib in the self-renewal and maintenance 
of hematopoietic stem cells (Althoff et al. 2017; Heidel 
et al. 2013; Mohr et al. 2018). While genetic inactivation 
of Llgl1 led to increased fitness and self-renewal capacity 
of murine HSCs in vivo (Heidel et al. 2013), loss of Scrib 
resulted in functional impairment of hematopoietic stem 
cells over serial transplantation and during stress (Mohr 
et al. 2018). Transcriptome profiling of Scrib- and Llgl1-
deficient HSCs confirmed a minimal overlap of the respec-
tive transcriptional profiles, which is consistent with the 
diverging functional phenotypes. Interactome analysis of 
Scrib in hematopoietic cells informed about its involvement 
in cell motility and signaling but failed to confirm direct 
interaction with its putative Scribble complex partners.

In this study, we performed interactome analysis on Llgl1 
in hematopoietic cells to assess for unique and overlapping 
interactions of Scrib and Llgl1 and to confirm and validate 
these functions in primary HSCs.

Materials and methods

Proteome binding partner analysis

The 3111  bp full length M. musculus Llgl1 cDNA 
was amplified by PCR from a commercially available 

plasmid pYX-Asc (Source BioSciences, Nottingham, 
UK) using the following primers: Llgl1-F 5′-CAC CAT 
GAT GAA GTT TCG GTT-3′ and Llgl1-R 5′-TCA CCC 
CAG AAA ATCCT-3′. PCR fragments were gel-purified 
followed by directional cloning into pENTER/D-TOPO 
vector (Invitrogen, USA) as per the manufacture’s pro-
tocol. From there, Llgl1 was subcloned in-frame into 
the destination vector pCeMM-NTAP(GS)-Gw (Center 
for Molecular Medicine of the Austrian Academy of 
Sciences, Vienna) mediated by LR recombination reac-
tion. Production of retroviral particles and retroviral 
transduction of Ba/F3 cells with NTAP-Llgl1-GFP or 
NTAP-EmptyVector-GFP control was performed as 
described before (Heidel et al. 2012). Following ret-
roviral infection, Ba/F3 cells expressing NTAP-Llgl1-
GFP and NTAP-EmptyVector-GFP were GFP sorted by 
FACS and maintained in culture (RPMI1640 medium 
supplemented with 10% FBS, Thermo Fisher Scientific, 
USA) in a humid atmosphere of 5% at 37 °C. For bind-
ing partner analysis, protein complexes were purified 
using Streptavidin C1 Dynabeads MyOne (Invitrogen). 
In brief, 1 × 107 cells were lysed in 1 ml RIPA-buffer 
(50  mM TRIS/HCl, pH 7.5; 5  mM EDTA; 100  mM 
NaCl; 10 mM K2HPO4; 10% Glycerol; 1% Triton X-100; 
0.5% NP40; protease- and phosphatase inhibitor mix) 
for 30 min on ice supported by 5 min ultrasonic disin-
tegration. After centrifugation at 16,000×g for 10 min 
at 4 °C, the supernatant was collected and incubated 
with 50 µl Dynabeads MyOne-Streptavidin C1 for 8 h 
at 4 °C. Beads were sequentially washed with PBS, 1% 
NP40 followed by PBS, 0.1% NP40 followed by PBS, 
0.5M NaCl followed by PBS and finally resuspended in 
50 mM ammonium bicarbonate. Cysteines were reduced 
by adding 2 mM dithiothreitol (DTT) for 30 min at room 
temperature and subsequently β-methylthiolated by addi-
tion of 10 mM methyl methanethiosulfonate (MMTS). 
Digestion was performed by addition of 0.5 µg trypsin 
(Promega, Madison, WI, USA) and incubation overnight 
at 37 °C. Peptides were extracted by pooling the primary 
supernatant and the supernatant of a subsequent wash-
ing step using 0.1% (v/v) trif luoroacetic acid (TFA). 
Peptides were purified with reversed-phase C18 ZipTip 
nano-columns (Millipore, Burlington, MA, USA), eluted 
with 0.1% TFA/70% ACN, and dried. Protein identifica-
tion was performed by high-resolution mass spectrom-
etry on a hybrid dual-pressure linear ion trap/orbitrap 
mass spectrometer (LTQ Orbitrap Velos Pro, Thermo 
Scientific, San Jose, CA, USA) equipped with an EASY-
nLC Ultra HPLC (Thermo Scientific). For analysis, 
peptide samples were adjusted to 10 µl 1% ACN/0.1% 
TFA and fractionated on a 75 µm (ID), 25 cm PepMap 
C18-column, packed with 2 µm resin (Dionex/Thermo 
Scientific). Separation was achieved through applying a 
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gradient from 2 to 35% ACN in 0.1% formic acid over 
150 min at a flow rate of 300 nl/min. An Orbitrap full 
MS scan was followed by up to 15 LTQ MS/MS runs 
using collision-induced dissociation (CID) fragmenta-
tion of the most abundantly detected peptide ions. Essen-
tial MS settings were as follows: full MS (FTMS; resolu-
tion 60,000; m/z range 400–2000); MS/MS (Linear Trap; 
minimum signal threshold 500; isolation width 2 Da; 
dynamic exclusion time setting 30 s; singly charged ions 
were excluded from selection). Normalized collision 
energy was set to 35%, and activation time to 10 ms. 
Raw data processing and protein identification were 
performed using PEAKS Studio V.7.0 (Bioinformatics 
Solutions, Waterloo, Canada). False discovery rate was 
set to < 1%.

Flow cytometry and cell sorting

For immunophenotype analysis, bone marrow cells were 
resuspended in PBS/1% FBS after erythrocyte lysis (Pharm-
Lyse™, BD Pharmingen, San Diego, CA). Sorting and 
analysis of LSK (Lin-Sca1 + Kit+) cells, CD34low express-
ing LSK cells (HSC) and CD34high expressing LSK cells 
(MPP) were performed as previously described (Heidel 
et al. 2013, 2012). Unless otherwise stated, the follow-
ing antibodies were used: biotinylated antibodies against 
Gr-1 (RB6-8C5), B220 (RA3-6B2), CD19 (6D5), CD3 
(145-2C11), CD4 (GK1.5), CD8 (53-6.7), TER119 and 
IL7Ra (A7R34) (all Biolegend, SanDiego, CA, USA) were 
used for lineage staining. An APC-Cy7- or BV421-labeled 
streptavidin-antibody (Biolegend) was used for second-
ary staining together with an APC-anti-KIT (clone 2B8), 
a PE-Cy7- or PE-anti-Sca-1 antibody (clone E13-161.7), 
and a CD34-FITC (Becton Dickinson). Cells were FACS 
sorted using a BD FACSAria Fusion (Becton Dickinson). 
Analysis was performed using FlowJo™ software (Treestar, 
Ashland, OR).

Cell motility and migration assay

LSK cells were sorted from conditional Scrib or Llgl1 
knockout mice 11 days after the last pIpC injection. 
Sorted LSK cells were incubated in serum-free buffer 
(SFEM medium, STEMCELL Technologies) for 2 h to 
reduce the stress after the sorting. Next, 1 × 104 cells were 
plated on RetroNectin™ coated 35 mm glass bottom dishes 
(WPI) and motility was recorded using an Axiovert 200 m 
microscope (Zeiss MicroImaging GmbH, Jena, Germany) 
equipped with a live cell imaging incubator (Okolab, 
Ottaviano, Na, Italy) and a motorized stage (Märzhäuser 

Wetzlar GmbH & Co. KG, Wetzlar, Germany) for 15–16 h 
at 37 °C and 5%  CO2. In each time series, several fields 
of view of two glass bottom dishes per condition were 
observed using the MarkandFind function in the Zeiss 
Axiovision software. Image analysis was performed using 
the tracking function in Image-Pro Plus 6. Several tracks 
per field of view were summarized and used for further 
analysis. Chemotaxis experiments to assess for migratory 
capacity were performed using 96-well 6.5 mm transwell 
plates (5 µm pore size Costar, Corning, NY). Plates were 
coated on the lower chamber overnight with retronectin at 
4 °C. After washing with PBS, the transwell membrane 
chamber was carefully placed into 96-well plates. The 
lower reservoir of the chambers was filled with 100 µl 
of SFEM with or without recombinant murine SDF-1α 
(100 ng/ml, R & D Systems, Inc., Minneapolis, MN). 
Briefly, 100 µl of serum-free chemotaxis medium contain-
ing 5 × 103 HSCs  (CD34low LSK) or MPPs  (CD34high LSK) 
cells derived from  Llgl1+/+ or  Llgl1−/− and  Scrib+/+ or 
 Scrib−/− mice were seeded in the upper chambers. Migra-
tion of HSCs or MPPs was allowed to continue for 4 h at 
37 °C, 5%  CO2. After incubation, the upper chamber was 
removed and the migrated cells from the lower chambers 
were collected, visualized and manually counted under the 
microscope.

Static adhesion assay

Adhesion assays were performed on 96-well plates coated 
with retronectin (Takara Clontech, USA) or blocked with 
1% BSA at 4 °C overnight. Next, 1 × 103 FACS sorted 
HSCs  (CD34low LSK) or MPPs  (CD34high LSK) from 
 Llgl1+/+ or  Llgl1−/− and  Scrib+/+ or  Scrib−/− mice were 
resuspended in SFEM medium and seeded per well onto 
the retronectin-coated plates for 1 h at 37 °C. Non-adher-
ent cells were removed by three consecutive washing steps 
at room temperature using HBSS (Thermo Fisher Scien-
tific) and adherent cells were counted under the micro-
scope. Results are represented as percentage of adherent 
cells.

Mouse models

All mice were housed under pathogen-free conditions 
in the accredited Animal Research Facility of the Otto-
von-Guericke University—Medical Faculty, Magdeburg. 
All experiments were conducted after approval by the 
Landesverwaltungsamt Saxony-Anhalt. Conditional Scrib 
knockout (KO) mice have been generated as described 
before (Hartleben et al. 2012) with Scrib exons 2–8 being 
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flanked with loxP sites. Mice harboring a floxed (flanked 
with loxP sites) allele of Llgl1 have been generated as pre-
viously described (Klezovitch et al. 2004). Exon 2 (the 
exon downstream from the exon with the first ATG codon) 
was flanked by LoxP sequences, and the beta-geo selecta-
ble marker was removed by transient expression of Cre-
recombinase in the embryonic stem cells. Both strains of 
mice have been backcrossed in more than eight generations 
into a C57BL/6 background. Conditional Scrib- and Llgl1- 
KO mice were crossed with transgenic Mx1-Cre mice to 
make them inducible—as described before (Heidel et al. 
2013; Klezovitch et al. 2004; Mohr et al. 2018). Mx1-Cre-
recombinase was induced by intraperitoneal injections of 
low-molecular weight poly-I-poly-C (pIpC) and excision 
was confirmed by PCR.

Intravital 2‑photon microscopy

Whole bone marrow cells were collected from conditional 
knockout mice after genetic inactivation of Scribble or 
Llgl1 (as described above), stained with biotin-conju-
gated lineage cocktail antibodies and subjected to lineage 
depletion using magnetic beads (Streptavidin Particles 
Plus-DM, BD Biosciences) and LSK cells were isolated 
by FACS sorting. Non-irradiated Col2.3-GFP reporter 
mice (GFP expression is under the control of the Col2.3 
promoter labeling osteoblastic cells) were each injected 
with 5 × 104 wildtype or KO LSK cells labeled with 
the Cell Tracker orange CMTMR dye (C2927, Thermo 
Fisher Scientific, Darmstadt) at a final concentration of 
10 uM for 30 min at 37 °C. The mice were anesthetized 
by xylene/ketamine and prepared as described before (Lo 
Celso et al. 2009). In brief, the calvarial bone marrow 
cavity was visualized using a 20× objective on a 2-pho-
ton microscope (LaVision Biotech, Bielefeld). For three-
dimensional analysis of the bone marrow cavity, z stacks 
were acquired with a z-step of 2 µm using the Inspector 
Pro Software. Distances between CMTMR labeled cells 
and bone or osteoblastic cells, as well as total path length 
were measured in the image stacks by ImageJ as described 
(Lo Celso et al. 2009).

Statistical analysis

Graphs were analyzed using GraphPad Prism Version 6 
(GraphPad Software Inc., La Jolla, CA, USA). Statistical sig-
nificance was determined using a t test or the Mann–Whitney 
U test (when normal distribution was not given). p value less 
than 0.05 was considered statistically significant (p < 0.05 
indicated as *, p < 0.01 indicated as **, p < 0.001 indicated 
as *** and p < 0.0001 indicated as ****).

Results and discussion

Scrib‑ but not Llgl1‑binding partners are linked 
with cell motility and adhesion

In our previous work, we have defined functional roles 
for the cell fate determinants Llgl1 (Heidel et al. 2013) 
and Scrib (Mohr et al. 2018) in hematopoietic stem cells. 
While genetic inactivation of Llgl1 resulted in increased 
fitness and enhanced self-renewal, deletion of Scrib led to 
a functional decrease and depletion of HSCs during serial 
transplantation and under stress. Of note, transcriptional 
profiling of HSCs showed minimal overlap between Scrib- 
and Llgl1-deficient stem cells. Binding partner analysis 
of Scrib in murine hematopoietic cells (Mohr et al. 2018) 
using affinity purification followed by mass spectrometry 
confirmed functional roles in cell signaling, adhesion and 
motility; however, none of the identified binding partners 
included polarity modules as described in drosophila. As 
both cell fate determinants, Scrib and Llgl1 have been 
linked with functional roles regarding adhesion and migra-
tion in other model systems, we sought to assess whether 
these cellular functions are shared in hematopoietic cells 
between the putative complex partners Scrib and Llgl1. As 
described for Scribble protein before, we expressed Llgl1 
in hematopoietic cells using a vector system that enables 
tandem affinity purification (TAP). In this system, a fusion 
protein is created that harbors a designed tandem affinity 
purification tag (Fig. 1a). Analysis of precipitated CeMM-
NTAP-Llgl1 versus empty vector by mass spectrometry 
revealed 6 putative binding partners (Fig. 1b), compared 
to 27 identified Scrib binding partners in the same model 
system (Mohr et al. 2018). Analysis of the binding part-
ner network using the STRING database (Szklarczyk et al. 
2017) of known and predicted protein–protein interactions 
(http://www.strin g-db.org) that include regulators of cell 
growth and proliferation, ribosomal proteins, translation 
factors, cytoskeletal proteins, Rho-GTPase activators and 
Llgl1 itself (Fig. 1c). Binding of Scrib to Llgl1 could not 
be detected. Inversely, Llgl1 had not been detected in Scrib 
interactome analysis either (Mohr et al. 2018). However, 
binding to Rac/Rho-GTPase activator RFIP1 links Llgl1 
with the Par complex, which may indicate a conserved 
functional link in hematopoietic cells.

To understand shared and unique interactions of Scrib 
and Llgl1 in hematopoietic cells, we analyzed the overlap 
of predicted and proven interactions of both proteins by 
STRING analysis. Shared cellular functions included pro-
tein synthesis, ribosome biogenesis, proliferation, differen-
tiation and cell signaling (Fig. 2). Functions that appeared 
exclusively linked with the Llgl1 interactome comprised Par 

http://www.string-db.org
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complex members, actin assembly, cell cycle regulation and 
cellular stress responses. In contrast, functions exclusively 
linked with Scrib included cell metabolism, actin remod-
eling, adaptor associated proteins, migration and adhesion. 
Scrib has been described to be critically involved in main-
tenance of cellular orientation and integrity in drosophila, 
neuronal tissue and epithelial cells (Humbert et al. 2006). In 

mammalian hematopoietic cells, deletion of Scrib affected 
T-cell polarization and function (Pike et al. 2011). As cellu-
lar orientation and polarization are involved in adhesion and 
migration of hematopoietic cells, we aimed to functionally 
validate these functions in Scrib-deficient hematopoietic 
stem cells.

Fig. 1  Binding partner analysis of Llgl1 in hematopoietic cells by 
mass spectrometry. a Experimental scheme for expression of Llgl1 
in a tandem affinity purification (TAP) tag vector system in murine 
cell lines followed by immunoprecipitation, purification and mass 
spectrometry analysis. b Identified binding partners of Llgl1 in 
murine hematopoietic cells. Depicted are matched peptides identified 
and protein names. c Interactions between Llgl1 and its binding part-
ners are depicted using STRING database analysis (http://strin g-db.
org/). The network was constructed using six identified candidate 

protein names as input, with medium confidence threshold parameter 
of 0.4. The identified interaction network grouped into 3 (k-means 
clustering) clusters containing functional associations (direct and 
indirect) specifically highlighted. The solid and dotted lines indicate 
connection within the same and different cluster, respectively. Dif-
ferent line colors represent the types of evidence for the association 
(Pink—experimentally determined; Blue—gene co-occurrence; yel-
low—derived from text-based data analysis)

http://string-db.org/
http://string-db.org/
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In vitro motility of murine HSPC is not affected 
by genetic deletion of Scrib or Llgl1

To investigate stem- and progenitor cell function, we 
sorted HSCs and MPPs from bone marrow of conditional 
Scrib- and Llgl1 knockout mice, respectively. Cells were 
sorted 11 days following the last poly-I-poly-C injection to 
enable recovery from interferon response. The HSPC pop-
ulation was defined as Lineage-negative, Sca-1-positive, 
Kit-positive (LSK) cells, while cell population enriched for 
hematopoietic stem cells (HSC) was defined as CD34low 
LSK cells and multipotent progenitor (MPP) enriched cells 
were defined as CD34high LSK cells (Fig. 3a). First, we 
aimed to investigate, whether genetic deletion of Scribble 
or Llgl1 resulted in changes of undirected cell motility. 
LSK cells incubated in SFEM medium supplemented with 
cytokines (as described above) were recorded for 15–16 h 
using an Axiovert200m microscope. Interestingly, we 

found no significant deregulation of cell motility following 
inactivation of either Scribble complex member (Scrib or 
Llgl1). Scrib-deficient HSCs showed a slight increase and 
Llgl1-deficient HSCs a moderate increase in cell motility 
after seeding the cells into the respective wells (Fig. 3 b, 
c). However, this effect disappeared over time and motil-
ity was comparable to the respective wildtype controls 
 (Scrib+/+ or  Llgl1+/+ HSPCs, respectively).

Undirected motility may depend to a minor extent 
on proteins orchestrating the polarity network of Rho-
GTPases and the actin/myosin filaments. One example 
underlining this observation is the fast moving and turning 
of specific immune cells that do not have a highly organ-
ized cytoskeleton and tend to adhere weakly. In contrast, 
hematopoietic stem cells may depend to a higher degree on 
the polarity network, which is required for proper locali-
zation, migration and asymmetric division (Florian et al. 
2012; Giebel and Bruns 2008). Therefore, we aimed to 

Fig. 2  Protein interactome network and comparison of predicted 
functions shared between Scrib and Llgl1. Venn diagram depicting 
the interactomes of Scrib (left) and Llgl1 (right), which partly over-
lap (shared functions). The STRING database was used to establish 
functional associations among the known and predicted proteins 
using training protein names as query for Scrib and Llgl1 interac-
tion network, with minimal confidence score of 0.4. Different line 
colors represent the types of evidence in predicting the association; 
blue line—co-occurrence evidence; pink line—experimental evi-
dence; yellow line—text mining evidence. The interacting proteins 

have been clustered (k-means clustering) based on their functions and 
associations. The continuous and dotted lines represent direct (physi-
cal) and indirect (functional) interactions within the same and with 
the other clusters. Clusters of functionally related nodes were manu-
ally circled and labeled. The common hits between Scrib and Llgl1 
interactome network are highlighted, whereas the unique functions 
that are categorized as members of the same protein complex or bio-
logical processes (e.g., adhesion, migration, cytoskeleton network) 
are highlighted by the colored labels
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assess for adhesion and directed migration of Scrib- and 
Llgl1-deficient HSCs.

Static adhesion of HSC and MPP is increased 
following inactivation of Scrib but not Llgl1

To assess for potential alterations in cell adhesion of 
HSPCs, we conducted a static adhesion assay using 
sorted HSC and MPP from Scrib- and Llgl1-knockout 
mice, respectively. Following cell sorting, 1 × 103 HSCs 
(CD34low LSK) or MPPs (CD34high LSK) from  Llgl1+/+ 
or  Llgl1−/− and  Scrib+/+ or  Scrib−/− mice were seeded on 
RetroNectin-coated plates and incubated for 1 h to enable 
attachment to the plate. After the first washing step, Scrib-
deficient HSCs showed significant increase in cell adhesion 
compared to  Scrib+/+ controls (Fig. 4a, p = 0.0043**). Dur-
ing sequential washing steps this effect was maintained. 
Likewise, higher numbers of  Scrib−/− MPPs adhered to 

the RetroNectin-coated surface after the first (Fig. 4b, 
p = 0.0247*) and following (p = 0.0009***) washing steps. 
In contrast, genetic deletion of Llgl1 did not result in alter-
ation of cell adhesion to RetroNectin. This was detectable 
in both  Llgl1−/− HSCs (Fig. 4c, p = 0.4298 at 1st wash) and 
MPPs (Fig. 4d, p = 0.5737 at 1st wash) when compared to 
the respective  Llgl1+/+ controls. These findings indicate, 
for the first time, that loss of Scrib may result in altera-
tion of hematopoietic stem- and progenitor-cell adhesion. 
Alteration of cell adhesion may influence localization of 
hematopoietic stem- and progenitor cells in the niche and 
also their migratory capacity. Both, localization and migra-
tion of stem cells have been described to be relevant for 
stem cell function and self-renewal capacity (Boulais and 
Frenette 2015). Impaired mobilization of HSCs from the 
bone marrow following cytotoxic stimuli (such as 5-FU) 
may eventually result in impaired stress responses and 
decreased survival following irradiation or chemotherapy 

Fig. 3  Cell motility analysis 
of Scrib- and Llgl1-deficient 
HSPCs. a Representative 
flow cytometry plot depict-
ing sorting of murine HSPCs. 
BM obtained from femurs and 
tibias of  Scrib+/+ or  Scrib−/− 
and  Llgl1+/+ or  Llgl1−/− mice, 
respectively, was lineage 
depleted, stained and flow 
sorted to obtain LSK (line-
age-, Kit+, Sca-1+) cells, HSC 
enriched LSKs (CD34low 
LSK) or MPP enriched LSKs 
(CD34high LSK). b, c Sorted 
cells were incubated in SFEM 
medium with cytokines and 
basic cell motility was assessed 
using several fields of view 
per 35 mm glass bottom dish 
with 1 × 104 pooled  Scrib+/+ 
or  Scrib−/− and  Llgl1+/+ or 
 Llgl1−/− mice LSK cells. Each 
field of view was imaged repeat-
edly during a 15–16 h time 
period. Phase contrast images 
were then used to extract the 
single cell tracks for distance 
analysis. Summarized tracks are 
shown here as mean displace-
ment per frame
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as observed for Scrib-deficient hematopoiesis (Mohr et al. 
2018).

Scrib‑deficient HSCs reveal impaired migratory 
capacity in vitro and in vivo

To assess the migratory capacity of hematopoietic stem 
cells, we conducted chemotaxis experiments against an 
SDF1alpha gradient in vitro. Scrib- or Llgl1-deficient 
HSCs or MPPs (and the respective  Scrib+/+ or  Llgl1+/+ 
controls) were sorted and 5 × 103 cells were seeded in tran-
swell chambers to allow migration against the SDF1alpha 
gradient. Migrated cells were counted after 4 h of incuba-
tion. After conditional Scrib deletion, we found a signifi-
cant reduction of the migratory capacity of  Scrib−/− HSCs 
(Fig. 5a, p = 0.0049**) compared to  Scrib+/+ controls. 
Likewise, the number of migrated  Scrib−/− MPPs (Fig. 5b, 
p = 0.0030**) appeared significantly reduced. In contrast, 
Llgl1-deficient HSCs (Fig. 5c) or MPPs (Fig. 5d) did not 
reveal any significant reduction in migratory capacity 
when compared to the respective  Llgl1+/+ controls. These 
results support the hypothesis, that increased adhesiveness 
of Scrib-deficient HSCs and MPPs may eventually result 
in a migratory defect. However, assessment of migratory 
capacity ex vivo in a transwell plate against a rather high 
SDF1alpha gradient may create secondary dependency 
of HSCs on a cell fate determinant as Scrib due to the 

culturing conditions and may therefore lead to overestima-
tion of the phenotype. Therefore, we aimed to assess stem 
cell migration and localization in the bone marrow niche 
by intravital microscopy.

To validate our findings and to assess for the depend-
ency of HSPCs on Scrib in vivo, we performed intravital 
imaging of murine hematopoietic stem- and progenitor 
cells. We induced conditional deletion of Scrib by pIpC 
injections into Scrib flox/flox Mx + mice and  Scrib+/+ 
Mx + controls. Our previous data had shown that abun-
dance of murine HSCs was not significantly altered fol-
lowing genetic deletion of Scrib at 4 months post pIpC. 
However, cells showed a clear functional decline when 
serially transplanted into primary or secondary recipi-
ent mice (Mohr et al. 2018). To avoid a potential selec-
tion bias, we harvested bone marrow cells early (11 days 
after pIpC injection), which may avoid further functional 
decrease over time but allows for partial recovery of 
HSCs after the pIpC induced interferon response (Ess-
ers et al. 2009; Pietras et al. 2014; Walter et al. 2015). 
As both HSCs and MPPs had shown differences in stem 
cell migration and adhesion, we decided to sort LSK 
cells (rather than separate sorting of HSCs and MPPs) 
from  Scrib+/+ or  Scrib−/− mice to obtain sufficient cell 
numbers for transplantation. Intravital imaging (Fig. 6a) 
revealed similar localization of murine  Scrib−/− HSPCs to 
the endosteum, as compared to  Scrib+/+ controls (Fig. 6b, 

Fig. 4  Altered adhesion of 
Scrib- and Llgl1-deficienct 
HSPCs. a, c Static adhesion 
of hematopoietic stem cells 
(CD34low LSK) and b, d multi-
potent progenitors (CD34high 
LSK) to RetroNectin (rn). Iso-
lated HSC and MPP cells were 
serum starved and plated in 
96-well plates coated with rn or 
BSA (control). The percentage 
of adherent cells from  Scrib+/+ 
or  Scrib−/− and  Llgl1+/+ or 
 Llgl1−/− mice was calculated 
after 1 h incubation (37 °C, 5% 
CO2) and compared relative 
to wildtype controls. Data is 
depicted as mean ± SEM of two 
independent experiments per 
genotype performed in triplicate 
(ns, not significant; *p < 0.05; 
**p < 0.01)
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p = 0.11). Likewise, the distance to the osteoblastic cells 
appeared to be not significantly different (Fig. 6c); how-
ever, there was a trend towards an increased distance of 
Scrib-deficient HSPCs (p = 0.0531). To analyze migratory 
capacity in vivo, we performed cell traveling path analy-
sis (Fig. 6d, e). Of note, comparable numbers of  Scrib+/+ 
and  Scrib−/− HSPCs were detectable in the bone marrow 
of recipient mice, which is an indicator of undisturbed 
homing capacity. When we analyzed the average traveling 
path,  Scrib−/− HSPC traveling appeared less complex than 
that of  Scrib+/+ controls (Fig. 6d; representative plots). 

Overall, path length per stack of  Scrib−/− HSPCs was sig-
nificantly shorter compared to  Scrib+/+ controls (Fig. 6e, 
p = 0.0285*). These results recapitulate our in vitro find-
ings and confirm a defect of Scrib-deficient HSPCs in their 
migratory capacity.

Inactivation of Scrib has been linked with loss of migra-
tory capacity of various cell types. Loss of Scrib contributed 
to failure of dorsal closure in the drosophila embryo (Bilder 
et al. 2000) and also murine embryonic fusion events (Mur-
doch et al. 2003). This function appears to be conserved 
in adult murine and human epithelial cells, where Scrib is 
required for sheet migration during wound healing (Dow 
et al. 2007). Motility and polarity of murine T-cells are also 
influenced by inactivation of Scrib (Ludford-Menting et al. 
2005). However, the functional role of the Scribble complex 
in regulating cell migration seems to be also highly context-
dependent (Humbert et al. 2006). Our data indicates that this 
function of the Scribble complex appears to be conserved in 
murine HSCs for Scrib but not Llgl1. While genetic deletion 
of Scrib impairs the migratory capacity of HSPCs in vitro 
and in vivo, inactivation of Llgl1 did not reveal a major 
function in motility, adhesion or migration. This finding is in 
contrast to the role of Llgl1 in other cell types (Arquier et al. 
2001; Humbert et al. 2006; Manfruelli et al. 1996), where 
Llgl1 inactivation results in alteration of cell migration and 
invasiveness.

Disturbance of HSC migration after genetic deletion 
of Scrib as shown herein may, in part, also explain the 
functional impairment of Scrib-deficient HSCs in vivo 
(Mohr et  al. 2018). Recently, alteration of migratory 
capacity has been linked with disturbance of HSC self-
renewal and niche localization (Lhoumeau et al. 2016; 
Prashad et al. 2015). As shown before, Scrib influences 
Rho-GTPAses activity through interaction with GTPase 
activators (Mohr et al. 2018). This interaction may also 
explain the impact of Scrib on HSC migration and func-
tion, as extensive characterization of Rho-GTPases, such 
as CDC42, have shown significant influence on HSC fit-
ness and self-renewal capacity (Florian et al. 2013; Yang 
et al. 2007).

Taken together, our data provides the first evidence for 
a functional role of Scrib but not Llgl1 in HSC adhesion 
and migration, which may explain the relevance of Scrib for 
maintenance of HSC function in vivo.
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Fig. 5  Changes in directed migration of Scrib- and Llgl1-deficient 
HSPCs. a, b Chemotaxis assay investigating migration of HSCs and 
MPPs isolated from  Scrib+/+ or  Scrib−/− and c, d  Llgl1+/+ or  Llgl1−/− 
mice. Cells were serum starved and subsequently seeded in the upper 
part of a transwell chamber in the presence or absence of 100 ng/ml 
SDF-1alpha in the lower compartment. Cells in the lower chamber 
were counted after 4  h incubation (37  °C, 5% CO2). Data are pre-
sented as mean ± SD of 2 independent experiments per genotype, per-
formed in duplicate (*p < 0.05)
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Fig. 6  Time-lapse intravital microscopy of Scrib- and Llgl1-defi-
cient HSPCs. a Schematic model representing intravital imaging of 
the calvarium. LSK cells (CMTMR labeled) were transplanted into 
non-irradiated recipients (2 independent cohorts, n = 2 mice per gen-
otype). Imaging was performed within 5  h of transplantation. Bone 
collagen SHG (blue), GFP-positive osteoblastic cells (green), HSPC 
(red). b, c Shortest distances in 3D of HSPC to the endosteum (left 
panel) and to the osteoblastic cells (right panel) were measured in 

wildtype and  Scrib−/− non-irradiated recipients (Error bars repre-
sent means ± SEM, n = 50 cells per genotype, p = 0.11, endosteum, 
p = 0.0531, osteoblastic cell). d Representative spidergrams indicat-
ing the paths of migrating  Scrib+/+ (upper panel) or  Scrib−/− (lower 
panel) HSPCs are shown. e Migration of  Scrib+/+ and  Scrib−/− 
HSPCs as indicated by average path length (error bars represent 
mean ± SEM, n = 22 cells per genotype, *p < 0.05)
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