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Bone marrow failure is a nearly universal
complication of Fanconi anemia. The pro-
teins encoded by FANC genes are in-
volved in DNA damage responses through
the formation of a multisubunit nuclear
complex that facilitates the E3 ubiquitin
ligase activity of FANCL. However, it is
not known whether loss of E3 ubiquitin
ligase activity accounts for the hematopoi-
etic stem cell defects characteristic of
Fanconi anemia. Here we provide evi-
dence that FANCL increases the activity

and expression of 3-catenin, a key pluri-
potency factor in hematopoietic stem
cells. We show that FANCL ubiquitinates
B-catenin with atypical ubiquitin chain
extension known to have nonproteolytic
functions. Specifically, B-catenin modi-
fied with lysine-11 ubiquitin chain exten-
sion efficiently activates a lymphocyte
enhancer-binding factor-T cell factor re-
porter. We also show that FANCL-deficient
cells display diminished capacity to acti-
vate B-catenin leading to reduced tran-

scription of Wnt-responsive targets c-Myc
and Cyclin D1. Suppression of FANCL
expression in normal human CD34* stem
and progenitor cells results in fewer
B-catenin active cells and inhibits expan-
sion of multilineage progenitors. To-
gether, these results suggest that dimin-
ished Wnt/B-catenin signaling may be an
underlying molecular defect in FANCL-
deficient hematopoietic stem cells lead-
ing to their accelerated loss. (Blood. 2012;
120(2):323-334)

Introduction

Fanconi anemia (FA) is the most common inherited bone marrow
failure syndrome. The majority of patients develop bone marrow
failure within the first decade of life. Patients are also at high risk
for the development of acute myeloid leukemia and solid tumors of
the head and neck and gastrointestinal tract. The disease is caused
by loss-of-function of any 1 of 15 FANC genes.!® The nuclear core
complex includes FANCA, B, C, E, E, G, L, and M.! FANCL is a
ring type E3 ubiquitin ligase that monoubiquitinates FANCD2 and
FANCI, which enhances their function at sites of DNA damage.”-!°
The core complex scaffold is essential for facilitating the activity of
FANCL because loss of any one of the core proteins results in loss
of FANCL E3 ubiquitin ligase function.

Although FANC proteins are known to execute a normal DNA
damage response to crosslinking agents, emerging evidence points
to alternative functions for these proteins in hematopoietic stem
cells (HSCs), and the loss of these alternative functions may
represent a driving force behind the common FA complications of
myelodysplasia and acute myeloid leukemia.!'!® Functional de-
fects in FA HSCs exist, including decreased repopulating ability,
reduced numbers of HSCs, defective homing capacity, tumor
necrosis factor (TNF)—a hypersensitivity, and limited replicative
and survival potential compared with normal HSCs.!”2¢ Collec-
tively these studies support the argument that the FA pathway has a
role in maintaining the HSC pool and regulating stem cell fitness.!
However, the molecular mechanisms underlying such HSC defects
have not been well characterized.

In light of the well established role of TNF-« in the pathogene-
sis of marrow failure and leukemia in Fancc-deficient mice,?*20 we

first sought mechanistic insights by comparing the transcriptomal
response to TNF-a of Fancc-deficient Kit™/Scal*/Lin~ (KSL)
marrow cells to the transcriptomal response of wild-type (WT)
KSL cells. Ontological analysis of gene expression changes
induced by TNF-a revealed that genes encoding proteins of
relevance to the Wnt signaling pathway were significantly over-
represented (Z = 4.07, supplemental Table 1, available on the
Blood Web site; see the Supplemental Materials link at the top of
the online article). Although the ontological analysis of such data
provides no proof of a particular mechanism directly linking the
Wnt pathway to Fancc-deficient cells, the results are compatible
with the notion that defective Wnt/B-catenin signaling may under-
lie the pathogenesis of bone marrow failure in FA.

Given the pivotal position of FANCL as a key E3 ubiquitin
ligase whose activity is influenced by at least 7 of the other FA
proteins, we hypothesized that FANCL ubiquitinates proteins
that control survival and self-renewal of HSCs and sought to
identify these additional targets. We focused first on the
Wnt/B-catenin pathway because it has an established role in
HSC development, cell-fate determination, and maintenance of
the stem cell pool?’-° and multiple key proteins in that pathway
are regulated by ubiquitination.?* In addition, recent studies
demonstrate that polyubiquitination of [-catenin with
nonlysine-48 linked ubiquitin chain extension functionally
enhances B-catenin activity.’!32 Here we show that FANCL
enhances the expression and nuclear activity of B-catenin. This
functional interaction is at least in part dependent on the E3
ubiquitin ligase activity of FANCL. Moreover, we demonstrate
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that this molecular interaction is relevant in loss-of-function
studies. We propose that diminished Wnt/f-catenin signaling
contributes to the dysfunction of FA HSCs.

Methods

Gene expression profiling of WT versus Fancc-deficient KSL
cells with or without TNF-a

See supplemental Methods for details. CEL files and probe set signals, as
well as detailed methods and quality control measures, have been deposited
in NCBI's Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo, acces-
sion no. GSE30318).

Cells and culture conditions

293FT cell line was obtained from Invitrogen and routinely maintained in
10% FBS DMEM supplemented with nonessential amino acids and
glutamine. Cord blood units were obtained from the Oregon Cord Blood
Program at Oregon Health & Science University (OHSU). Consent forms
and Institutional Review Board protocols are established. CD34™" cells were
enriched using Miltenyi beads per the manufacturer’s protocol. CD34*
enriched cord blood stem and progenitor cells were grown in StemPro
(Invitrogen) with 50 ng/mL stem cell factor, 10 ng/mL thrombopoietin,
50 ng/mL FIt3 ligand, and 10 ng/mL IL-6 (Peprotech). Mouse embryonic
fibroblasts (MEFs) from WT or Fancc-deficient mice, corrected with Fancc
or not corrected,>? were cultured in the same media as 293FT cells. Cells
were grown in media containing 0 to 62.5 ng/mL of mitomycin C for
4 days. The BIO [(2'2,3’E)6-bromoindirobian-3’-axime]compound was
purchased from Sigma-Aldrich (B1686). Generally, cells were treated with
0.5 to 1M BIO for 48 hours before experiments.

Constructs

Reporter constructs were generated by incorporating 8X lymphocyte
enhancer-binding factor-T cell factor (LEF-TCF) consensus binding sites*
into the pGreenFirel (pGF1) vector containing eGFP-T2A-lucifersase as
the reporter (System Biosciences). Human cDNAs for 3-catenin, FANCL,
FANCA, FANCC, and FANCG were purchased from Open Biosystems or
provided by G.C.B. 3-catenin mutants (K19R, K49R, or K19R-K49R) were
generated by site-directed mutagenesis with QuickChange IT XL (Agilent).
Mutations were confirmed by sequencing. cDNAs were cloned into
mammalian expression vectors pCDNA6-CMV-V5/His (Invitrogen) or a
modified pCDHI1-EF1 vector (System Biosciences). We obtained from
Addgene the pcDNA3-HA-Ub construct (no. 18712; deposited by Dr
Edward Yeh, The University of Texas MD Anderson Cancer Center)* and
the pRK5-HA-Ub mutant constructs (deposited by Drs Ted Dawson, The
Johns Hopkins University and Sandra Weller, University of Connecticut
Health Center).3%37 Expression of the pmaxGFP construct served as the
maxGFP control (Lonza) in some experiments. Glutathione-s-transferase
(GST) proteins were generated by cloning cDNAs into pGEX-4T constructs
(GE Healthcare Life Sciences). The pLKO.1 FANCL shRNA set generated
by The RNAi Consortium was purchased from Open Biosystems.

Quantitative RT-PCR analysis

Total RNA was extracted using RNeasy Kit (QIAGEN) and converted to
cDNA using SuperScript VILO reverse transcriptase (Invitrogen). Expres-
sion levels were analyzed using Platinum SYBR Green qPRCR Super-mix
UDG (Invitrogen) and either the Opticon 2 real-time cycler (MJ Research;
Bio-Rad) or the LightCycler 480(Roche). Relative expression was calcu-
lated by the equation 2744V X 100% (see Figure SA-B; supplemental
Figure 2B) and by the Pfaffl methodology (Figure 5E).3 See supplemental
Methods for a list of primers.
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Antibodies, Western blot analysis, and immunoprecipitation
studies

See supplemental Methods for a list of antibodies. Whole cell lysates were
prepared in buffer containing 0.5% Triton X-100, 120mM NaCl, 50mM Tris
(pH 8.0), 2mM ethylenediaminetetraacetic acid (EDTA), 1mM Na,-VOu
and 1:300 protease Inhibitor cocktail (P8340; Sigma-Aldrich). Proteins
were resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE). ImagelJ Version 1.34u software (National Institutes
of Health) was used to quantify bands.

Nuclear extracts

Nuclear extracts from 293FT were prepared essentially as described by
washing cells in cold phosphate-buffered saline (PBS) and resuspending
cells in buffer 1 (25mM HEPES [N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid], SmM KCl, 0.5mM MgCl,, ImM dithiothreitol [DTT],
100pM phenylmethylsulfonyl fluoride [PMSF]).* An equal volume of
buffer 2 (buffer 1 with 1% NP-40) was added and then rotated at 4°C for
15 minutes. The supernatant was collected as the cytoplasmic fraction. The
pellet was washed in buffer 3 (25mM HEPES, 5SmM KCl, 0.5mM MgCl,,
ImM DTT, 100uM PMSF, 0.5% NP-40), and then resuspended in buffer 4
(25mM HEPES, 300mM NaCl, 10% sucrose, ImM DTT, 1mM PMSF,
0.05% NP-40) and rotated at 4°C for 1 hour. The supernatant was then
collected as the nuclear fraction. Purity of nuclear extracts was evaluated by
immunoblotting for a-tubulin (a cytoplasmic protein) and Spl (a nuclear
protein).

LEF-TCF reporter assay

Cells were transfected using Lipofectamine2000 (Invitrogen) following the
manufacturer’s general guidelines. Both stable cell lines and transient
expression of the pGF1 reporter were used for these studies. Cells were
trypsinized and diluted in PBS and analyzed using the Guava Easycyte flow
cytometer (Millipore). Data were analyzed using FlowJo Version 7.6.1. For
the Luciferase assays, cells were lysed in 1X passive lysis buffer and the
SteadyGlo reagent was used as the substrate (Promega).

Cell-based ubiquitination assays

293FT cells were transfected with WT FANCL, C307A-FANCL, or a
maxGFP control; V5-tagged WT, K19R, K49R, or K19R-K49R -catenin;
and WT or mutant HA-ubiquitin using Lipofectamine2000. Cells were
treated with 1uM BIO at the time of media change. Whole cell extracts
(approximately 500-750 ug) were incubated with 1 to 2 pg anti-V5
antibody and incubated at 4°C with rocking overnight. Twenty to 40 wL of
protein G plus agarose was added and samples were incubated for an
additional hour at 4°C with rocking. The beads were then washed 4 times
with lysis buffer (0.5% Triton X-100, 120mM NaCl, 50mM Tris [pH 8.0],
2mM EDTA). Proteins were resolved with SDS-PAGE and ubiquitinated
-catenin was detected with an anti-HA antibody.

In vitro ubiquitination assay, measurement of protein stability,
and chromosome breakage analysis

See supplemental Methods for details.

CD34+ cord blood stem and progenitor cell studies

CD34" stem and progenitor cells were transduced with lentiviral particles
carrying scrambled control or FANCL shRNA for 48 to 72 hours. Cells
were selected in 1 pg/mL puromycin for 48 to 72 hours, and then subjected
to experimental assays. For the colony forming assays, cells were plated in
MethoCult H4435 (StemCell Technologies) with or without puromycin at
1 wg/mL. For immunofluorescence analysis, CD347 stem and progenitor
cells were spun onto glass slides and fixed with 4% paraformaldehyde (pH
7.4 for 15 minutes. at 37°C). Fixed cells were then permeablized with
0.25% Triton X-100 in PBS for 10 minutes at room temperature. Cells were
then blocked (10% mouse and goat serum in PBS) and stained with rabbit
anti—B-catenin, 1:50 and FITC-conjugated anti-CD34, 1:11. Alexa Fluor 555
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Figure 1. FANCL overexpression enhances f-catenin
activity and protein expression. (A) Flow cytometry
analysis of LEF-TCF-eGFP reporter assays in 293FT

cells transfected with vector-control, LacZ-control, or 4004 B FancL

human FANCL cDNA. Cells were treated with BIO (a
GSK3-B inhibitor that activates the Wnt pathway). Data
shown are from 4 experiments (mean = SEM), *P < .01;

**P < .05 compared with vector-control and LacZ-
control. (B) Immunoblot analysis to quantify g-catenin in

cells transfected with FANCL or vector-control. Shown

are representative immunoblots for the cytoplasmic (left
panel) and nuclear (right panel) fractions and a graph
displaying the quantitation from 7 independent blots
(mean relative expression to the no BIO and no FANCL
control = SEM), *P = .004; **P = .03; ***not significant;
****P = .008. Loading controls and the purity of the
subcellular fractions were evaluated by staining for
a-tubulin (n = 6) and Sp1 (n = 5) levels. Shown are
representative blots at similar exposure times. We also B
performed statistical analysis to show that there were no Cytoplasmic
differences in these controls for the pairwise compari-

sons performed (P values for student t test analysis of BIO

tubulin and Sp1 levels were between .77 and .98) and FANCL
there were no differences globally among the 4 experi- 2.5
mental conditions tested (P values for ANOVA analysis of E
tubulin and Sp1 levels were .36 and .49, respectively).

Relative MFI

ity

820
[

15

>
o
=]
T

- ) w
o =] =]
i b <

(=]

FANCL ENHANCES B-CATENIN ACTIVITY 325
2
= + + BIO - - + +
FANCL - + - +
25

220
15

3 Vector control
3 LacZ control

I‘I'.H-I

BIO (uM)

Nuclear

ity

1.0
0.5

|ative

(]
o

Relative Inte
P

0.0

0.0

beta-catenin

prp—p——

beta-catenin

Sp1

‘ alpha-tubulin

alpha-tubulin

—— g e o sp1

goat anti-rabbit 1:500 was used as the secondary antibody. Cells were
viewed and analyzed on a Zeiss LSM710 microscope at the 20X objective.
Representative pictures were taken on an Olympus IX71 inverted micro-
scope at the 40X objective. Algorithm-based detection of cytoplasmic and
nuclear staining relative to DAPI-labeled nuclei was performed using the
multiwavelength scoring module implemented in MetaMorph 7.5 (Molecu-
lar Devices). For the reporter assays, cells were also transduced with the
LEF-TCF-eGFP reporter and cultured for a total of 7 days (the last 3 days of
which included puromycin selection) followed by flow cytometry analysis.
Cytokines were replenished once (see “Cells and culture conditions™).

Statistical analyses

Averages are from independent experiments with SD or SEM used to
display variability. The Student 7 test when performed as indicated is with a
2-tailed test.

Results

FANCL overexpression enhances B-catenin activity and protein
expression

To determine whether FANCL regulates the function of nuclear
B-catenin, 293FT cells stably expressing a LEF-TCF-eGFP re-
porter were transfected with either vector-control, LacZ, or FANCL
and treated with BIO [(2'Z,3'E)-6-bromoindirubin-3'-oxime] a
potent glycogen synthase kinase-3 (GSK3) inhibitor that activates
canonical Wnt pathway (Figure 1A).** The BIO compound was
used to increase [(3-catenin activity above a detectable threshold.
eGFP expression was quantified as a measure of Wnt/(3-catenin
activity. There was a significant increase in (3-catenin activity in
cells overexpressing FANCL at the higher concentrations of BIO

compared with cells transfected with vector-control or LacZ. There
was a dose-responsive effect of FANCL expression when luciferase
was used as the readout (supplemental Figure 2A). As expected, the
increase in {3-catenin activity was associated with a significant
increase in cytoplasmic (3-catenin with or without BIO (Figure 1B
left panel) but only a significant increase in nuclear (3-catenin with
BIO (Figure 1B right panel) compared with the control condition as
shown. There were no significant differences in the loading
controls or the purity of the subcellular fractions (Figure 1B,
statistical analyses of tubulin and Spl expression). Regulation of
{3-catenin by FANCL is probably occurring at a posttranscriptional
level because there was no significant difference in (3-catenin mRNA
expression (supplemental Figure 2B). We also confirmed that only
modest changes in nuclear B-catenin are required for substantial
changes in B-catenin activity.*"*> For example, at 1uM BIO there was
only a 1.7-fold change in nuclear 3-catenin compared with unstimulated
cells, but there was a nearly 100-fold increase in LEF-TCF activity
(supplemental Figure 2C). Cells were maximally stimulated in the range
of 1 to 2uM BIO. There was insufficient inhibition of the highly active
GSK3-mediated destruction complex to appreciate the effects of FANCL
at 0.5uM BIO (Figure 1A). These results support that FANCL
overexpression positively regulates [3-catenin activity and protein expres-
sion, whereas endogenous mechanisms are active in suppressing this
interaction.

FANCL and B-catenin interaction may be facilitated by FANCA
and FANCG

We next sought evidence of a direct interaction between FANCL
and (3-catenin in coimmunoprecipitation studies using cell extracts
from transfected 293FT cells (Figure 2A) and purified GST fusion
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Figure 2. FANCL and B-catenin interaction may be facilitated by FANCA and FANCG. (A) Immunoprecipitation studies from cells transfected with cDNAs for human
B-catenin and FANCL. (B) Top panel: immunoblot showing expression of C-terminal V5-tagged FANCA, C, and G proteins. Middle panel: immunoprecipitation studies from
cells transfected with -catenin and various V5-tagged FANC proteins as indicated. Bottom panel: reciprocal immunoprecipitation using V5 antibody then probed for B-catenin.
At least 3 independent experiments were carried out for these studies. (C) Immunoprecipitation assays were also performed with untagged FANCC with the indicated isotype
1gG controls. (D) MEFs from WT mouse and Fancc-deficient MEFs corrected by Fancc cDNA expression serve as control cells. Cells were treated with mitomycin C for 4 days
at 62.5 ng/mL and whole cell extracts were analyzed for B-catenin expression. Four independent experiments were performed and shown is a representative result. The data
are summarized as mean relative expression to untreated cells (no MMC) for each MEF cell line = SEM and their corresponding P values. We probed for actin as a loading

control for these experiments.

proteins (supplemental Figure 3A). No stable protein interaction
between FANCL and B-catenin was detected above background,
suggesting that the interaction of FANCL with [-catenin is
transient or unstable, or facilitated by other proteins. Taking into
account that the function of FANCL absolutely requires its
interaction with other FA proteins in the nuclear core complex, we
carried out similar 3-catenin binding studies using V5-tagged core
complex proteins FANCA, C, and G (Figure 2B top panel). All
3 proteins interacted with (-catenin whether we immunoprecipi-
tated with a 3-catenin antibody (Figure 2B middle panel) or a V5
antibody (Figure 2B bottom panel). In addition, using untagged
FANCC we confirmed a stable interaction between FANCC and
3-catenin (Figure 2C). Interestingly, expression of FANCC was
diminished when FANCA and FANCG were overexpressed in the
same cells. Quantification by mass spectroscopy confirmed immu-
noprecipitation of equimolar amounts of FANCA and FANCG
using a (3-catenin antibody, whereas essentially no FANCC was
detected (data not shown). These results are congruent with a
published report that FANCA and FANCG form a stable complex.*?
However, we could not demonstrate that overexpression of FANCA

and FANCG facilitated the interaction of FANCL and (-catenin in
immunoprecipitation studies (data not shown). These results sug-
gest that additional proteins, possibly other FA core complex
proteins, may be involved in facilitating the interaction between
FANCL and B-catenin. We then tested whether Fancc-deficient
MEFs have defects in maintaining (3-catenin expression under the
stress of mitomycin C treatment. Indeed, there was excessive loss
of B-catenin expression with mitomycin C treatment of uncorrected
Fancc-deficient MEFs compared with WT and Fancc-deficient
MEFs corrected by Fancc expression (Figure 2D). Although loss of
{3-catenin expression may be occurring at a posttranscriptional
level, our microarray data indicates that transcriptional changes
may also be present (supplemental Table 1).

FANCL ubiquitinates B-catenin

We investigated the possibility that FANCL enhances the expres-
sion and nuclear activity of 3-catenin by ubiquitination. Recently,
studies have shown that Rad6B and E3 identified by differential
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Figure 3. FANCL ubiquitinates B-catenin. (A) 293FT cells were transfected with a maxGFP control (asterisk), C307A-FANCL mutant (Mu), or WT FANCL (WT); V5-tagged
WT, K19R, K49R, or K19R-K49R B-catenin; and hemagglutinin-tagged ubiquitin (HA-Ub). The C307A-FANCL is a ligase-inactive mutant. The B-catenin mutants were used to
diminish the contribution of the GSK3-mediated destruction complex targeting 3-catenin for polyubiquitination. Whole cell extracts were subjected to immunoprecipitation with
V5 antibody and the blots were probed with HA antibody. This experiment was performed 2 independent times for each set. The exposure times for these blots are indicated for
comparison of relative signal with or without BIO (GSK3- inhibitor). We quantified ubiquitinated B-catenin by performing densitometry analysis using ImageJ Version 1.34u
between the 98 kDa and 148 kD markers for each blot and expressed the relative signal to the maxGFP control. We also probed the same blots for total B-catenin to show
relatively equal immunoprecipitation of total B-catenin. (B) LEF-TCF reporter assays using luciferase as the readout. For this experiment we used 2 ligase-inactive FANCL
mutant controls. Raw luciferase values were normalized to FANCL expression relative to C307A-FANCL expression. The results shown are from 3 independent experiments
(mean = SEM); P values are < .01 for the differences noted. (C) Estimation of B-catenin turnover was determined in [35S]-methionine and cysteine pulse-chase labeling
experiments to compare the effect of control versus FANCL overexpression. Shown is a representative blot from 3 experiments. The graph summarizes relative g-catenin level
to time zero of the “chase,” which begins when the labeling media is replaced with complete unlabeled media (P values are indicated on the graph).

display (EDD) catalyze polyubiquitination of 3-catenin and en-
hance its stability and nuclear activity.3!*> In both of these reports,
ubiquitin chain extension occurred via lysines other than lysine-48.
Such atypical ubiquitin chains influence protein function rather
than degradation.** We reduced the contribution of the GSK3-
mediated destruction complex targeting (3-catenin for ubiquitina-
tion by the TrCP-SCF (Skp, Cullin, F-box) E3 ubiquitin ligase
complex or by other E3 ubiquitin ligases using K19R and K49R
B-catenin mutants.**° These lysines are known sites of lysine-48—
linked polyubiquitination.*® Ubiquitination of B-catenin was great-

est with WT B-catenin and less so with the mutant (3-catenin forms,
as expected (Figure 3A top panel).*® FANCL ubiquitinated WT
{3-catenin at a higher level than that observed for the maxGFP and
ligase-inactive C307A-FANCL controls. However, the difference
was not as obvious with the KI9R, K49R, and K19R-K49R
{3-catenin mutants. Treatment of cells with BIO in similar experi-
ments further diminished the contribution of the GSK3-mediated
destruction complex. Consequently, ubiquitinated -catenin forms
are reduced substantially (Figure 3A bottom panel). The blot shown
required a much longer exposure time compared with the blot shown in
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the top panel. Total 3-catenin immunoprecipitated was relatively similar
among the various conditions despite the differences in ubiquitination.
The ability of FANCL to ubiquitinate 3-catenin was most obvious in the
K19R-K49R [3-catenin double mutant (see quantitation in Figure 3A).
These studies indicate that FANCL specifically ubiquitinates 3-catenin
using lysines other than K19 and K49. We also purified GST fusion
proteins to test the ability of FANCL to ubiquitinate (3-catenin in a
cell-free system. There was a significant increase in HA-Ub-GST—3-
catenin detected in reactions containing WT GST-FANCL compared
with control reactions containing no WT GST-FANCL or containing
GST-FANCL-C307A (supplemental Figure 3B). By eliminating one
component of the reaction at a time, we also confirmed that the
background level of HA-Ub-GST—-catenin is ATP-dependent and
predominately because of the nonspecific, in vitro activity of E1 and E2
(supplemental Figure 3C). There was increased abundance of HA-Ub-
GST—B-catenin in the presence of GST-FANCL compared with the
background level catalyzed by E1 and E2.

These results suggest that FANCL positively regulates [3-catenin
by ubiquitination. We then tested whether these ubiquitinated
B-catenin forms activate the LEF-TCF-luciferase reporter by
expressing WT FANCL or a ligase-inactive FANCL mutant. The
C307A-FANCL mutant is defective in FA core complex assembly
and binding to E2 ubiquitin-conjugating enzyme, whereas the
W341G is only defective in binding to E2.552 Coexpression of WT
FANCL with ubiquitin led to a substantial activation of the
LEF-TCEF reporter compared with no ubiquitin coexpression (Fig-
ure 3B). This is consistent with our results shown in Figure 1A and
supplemental Figure 2A. Without ubiquitin coexpression, the
activation of the LEF-TCF reporter by WT FANCL was modest but
significantly higher than the ligase-inactive mutant controls. We
then quantified (-catenin turnover in cells to test whether
FANCL-dependent ubiquitination might enhance 3-catenin ac-
tivity by stabilizing the protein. We transfected cells with
vector-control or FANCL and pulse-chase labeled proteins with
[33S]-methionine and cysteine (Figure 3C). FANCL expression
increased total (3-catenin compared with vector-control expres-
sion, but there was no significant difference in 3-catenin decay
as represented by the slopes of the curves. However, because
this assay measures total 3-catenin turnover and the lysine-48—
ubiquitin chain extension on (3-catenin is the most abundant
species, this was not completely unexpected. These results
suggest that a small but active pool of [-catenin may be
modified by atypical ubiquitin chains and accounts for the
increased -catenin activity observed in our studies (Figure 1A;
supplemental Figure 2A).

Beta-catenin modified with atypical ubiquitin chains activates
the LEF-TCF reporter

Ubiquitination of (3-catenin by atypical ubiquitin chain extension
has been shown to enhance its function.’'*> To test whether
{3-catenin is modified by FANCL with atypical ubiquitin chains, we
performed additional cell-based ubiquitination assays using HA-Ub
mutants that contain only one intact lysine known to be involved in
ubiquitin chain extension. The other 6 lysines in any given mutant
HA-Ub are mutated from lysine to arginine and cannot participate
in ubiquitin chain extension. If HA-ubiquitinated 3-catenin forms
are detected using a particular Ub mutant, it suggests that FANCL
catalyzes ubiquitin chain extension using that particular lysine
residue in ubiquitin. We performed these assays in BIO-treated
cells expressing the V5-tagged K19R-K49R—{3-catenin mutant.
The results show that lysine-48-linked polyubiquitination of
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K19R-K49R—B-catenin in the presence of a GSK3-f3 inhibitor was
minimal as expected (Figure 4A). Compared with C307A-FANCL
expression, WT FANCL expression increased polyubiquitinated
forms of (-catenin when the lysine-11 and lysine-63 ubiquitin
mutants were coexpressed. These results indicate that lysine-11 and
lysine-63 atypical ubiquitin chain extension are catalyzed by
FANCL. We performed luciferase assays with the LEF-TCF
reporter to determine whether (-catenin modified by atypical
ubiquitin chains is functionally active. We found that the greatest
FANCL-dependent activation of the LEF-TCF reporter occurred
with coexpression of the HA-tagged WT ubiquitin, which retains
all 7 lysines for ubiquitin chain extension (Figure 4B). The
HA-tagged lysine-11 ubiquitin was next best in facilitating the
activation of the LEF-TCF reporter indicating that lysine-11 of
ubiquitin is used for chain extension. However, because its activity
did not equal the WT ubiquitin, these results are most consistent
with the idea that FANCL catalyzes polyubiquitination of 3-catenin
with mixed-chain extension. Increased LEF-TCF activity was
observed in all conditions with FANCL overexpression compared
with vector-control, regardless of the ubiquitin mutant coexpressed
(Figure 4B table, top row). This finding suggests that FANCL uses
endogenous ubiquitin to modify (-catenin. Coexpression of the
ubiquitin mutants differentially enhanced the effects of FANCL
further suggesting preferential use of the WT and lysine-11 for
ubiquitin chain extension. We also noted that overexpression of any
ubiquitin type with vector-control increased LEF-TCF activity
above a no ubiquitin control, suggesting that endogenous E3
ligases actively use ubiquitin to enhance [(3-catenin activity.
Lysine-11 ubiquitin chain extension was most active in this context
(Figure 4B table, bottom row).

FANCL-suppression reduces f3-catenin expression and activity

To proceed with experiments functionally testing whether endoge-
nous FANCL regulates 3-catenin expression, we first screened a set
of pLKO.1 Lentiviral FANCL shRNA constructs for their ability to
suppress FANCL protein and mRNA expression transiently in
293FT cells (Figure 5A blot and graph, respectively). Suppression
of FANCL expression recapitulates the classic FA phenotype of
excessive radial formation and chromosome breaks in cells treated
with mitomycin C compared with cells expressing a scrambled
shRNA (Figure 5B). FANCL shRNA construct C was most
effective in suppressing FANCL expression and produced the most
severe defects. We next examined whether suppression of FANCL
expression results in diminished [3-catenin expression. FANCL-
deficient cells (construct B) exhibited a significant decrease in
nuclear (B-catenin compared with cells transfected with vector-
control or scrambled shRNA (Figure 5C left panel). We found no
significant difference in (-catenin mRNA expression under the
same experimental conditions (Figure 5C right panel, combining
results of all 3 FANCL shRNA constructs). We performed 2 loss-of-
function studies in 293FT cells to investigate whether the regulation of
{3-catenin by endogenous FANCL is functionally important. As shown
in Figure 5D, we suppressed FANCL expression in cells stably
expressing the scramble-eGFP or LEF-TCF-eGFP reporter and treated
cells with increasing BIO concentrations. Suppression of FANCL
expression led to a significant decrease in ability of cells to respond to
BIO stimulation for 24 hours and 48 hours. There were no changes in
scramble-eGFP-expressing cells indicating that these findings
are specific to B-catenin activity. In Figure SE, we show the
results of qRT-PCR analyses with validated primers to quantify

20z aunr g0 uo 3senb Aq Jpd'€2€000Z | 8208UZ/8.L909€ |/€2E/2/0Z L /}Pd-81o11e/po0|gAeu sUOKEDIgNdysE//:d)y Wwoly papeojumoq



BLOOD, 12 JULY 2012 - VOLUME 120, NUMBER 2

Figure 4. B-catenin modified with atypical ubiquitin A
chains activates the LEF-TCF reporter. (A) Cell-based
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ubiquitination assays were carried out using HA-Ub
mutants that contain only 1 intact lysine known to be

FANCL: mu wt mu wt mu

mu wt mu wt mu wt

involved in ubiquitin chain extension. The other 6 lysines
in any given mutant HA-Ub are mutated from lysine to
arginine and cannot participate in ubiquitin chain exten-
sion. We performed the ubiquitination assays using the
V5-tagged K19R-K49R-B-catenin mutant and treated the
cells with BIO (GSK3-B inhibitor). The ability of FANCL to
catalyze atypical ubiquitin chain extension is compared
with the ligase-inactive C307A-FANCL mutant. The experi-
ment was carried out 2 independent times. (B) We
performed LEF-TCF reporter assays to determine whether
these ubiquitinated B-catenin subtypes are active. Cells
were transfected with VC or FANCL, an HA-tagged
ubiquitin as shown, and a LEF-TCF luciferase reporter.
Luciferase activity was measured and shown are the
results from 5 experiments normalized to the VC condi-
tion transfected with the knockout (KO) ubiquitin B

HA-Ub-
beta-catenin

w

(mean = SEM). The table below the figure is a compila- 3‘* %
tion of all statistical analyses. Highlighted by shading are =
P values < .05. We compare FANCL (gray bars) versus '3 25
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KO control for FANCL expression (within gray bars, ®
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of lysine-11 ubiquitin activates the LEF-TCF reporter to = 1
the closest approximation of WT ubiquitin expression in g
FANCL-transfected cells. n/a indicates not applicable. -—
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changes in Wnt-responsive targets, cyclin D1, c-Myc, and axin2.
Loss of B-catenin activity in these cells was indeed associated
with loss of mRNA expression of cyclin DI and c-Myc. The
difference in Cyclin D1 expression produced by FANCL shRNA
construct A compared with the scrambled shRNA approached
statistical significance at 0.073. Loss of Axin2 mRNA expres-
sion was only noted for FANCL shRNA constructs B and C.
Expression of the FANCL shRNA construct C produced the
most severe loss-of-function phenotype in these functional
studies compared with constructs A and B. This correlates with
the chromosome breakage analysis (Figure 5C). Overall, these
results support the conclusion that suppression of FANCL
functionally diminishes Wnt/p-catenin signaling and transcrip-
tion of downstream Wnt-responsive targets.

Suppression of FANCL expression in human CD34* cord blood
stem and progenitor cells leads to diminished B-catenin
expression and multilineage progenitor expansion

To determine whether our findings are of relevance to human
HSCs, we suppressed FANCL expression in human CD34%
hematopoietic stem and progenitor cells using the validated
FANCL shRNA constructs. Cells that express the sShRNA survived
puromycin selection. Because our goal was to evaluate nonmem-
brane bound B-catenin expression and a low number of CD34"
cells remained in puromycin-selected culture conditions, we ini-
tially used immunofluorescence analysis to quantify the effects of
scrambled-shRNA versus FANCL-shRNA expression. Shown in

0.006 0.002 0.003 0.002 0.002 0.010
0.005 0.246 0.016 0.180

0.129 n/a 0.008 0.281 0.692 0.058

supplemental Figure 4A are the results from 1 such experiment.
Uniform rules were applied to quantify the results using the
MetaMorph software. The data are summarized as the average total
intensity of nuclear (-catenin signal relative to the scrambled
control in those cells that were defined as CD34". An example of
CD34" cells scored as positive versus negative for (-catenin
expression is shown (supplemental Figure 4B). However, this
approach was not sufficiently quantitative especially for the partial
FA phenotype produced by FANCL shRNA constructs A and B and
{3-catenin staining does not necessarily reflect 3-catenin activity.
To improve the quantitation and interpretation of this experiment,
CD34* cells were transduced with scrambled or FANCL targeted
shRNA and the LEF-TCF-eGFP reporter. Cells were maintained in
StemPro media with a cytokine cocktail optimal for culturing
human hematopoietic stem and progenitor cells while minimizing
differentiation in short term cultures. We then evaluated viability
and eGFP expression after puromycin selection. The data are
shown in Figure 6A. Interestingly, there was an expansion of
eGFP-positive cells when either FANCL shRNA construct A or B
was expressed compared with the scrambled control. These con-
structs produce an intermediate severity in radial formation and
chromosome breaks with mitomycin C treatment (Figure 5C). In
contrast, expression of FANCL shRNA construct C induced a
substantial early loss of eGFP-positive CD34* stem and progenitor
cells (P =.004). We also tested the functional consequences of
suppressed FANCL expression in CD34* cells in colony forming
assays. There was a significant reduction in multilineage progenitor
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Figure 5. FANCL-suppression reduces p-catenin expression and activity. (A) pLKO.1 FANCL shRNA constructs and a control shRNA construct (scrambled, scr) were
tested for their ability to knockdown exogenous (top panel) and endogenous (bottom panel) expression of FANCL in 293FT cells, by Western blot and gRT-PCR analysis
(mean = SEM), respectively. FANCL shRNA constructs labeled A, B, and C were used for subsequent experiments. (B) Importantly, suppression of FANCL expression
reproduces the classic FA phenotype of excessive radial formation (filled arrow head) and chromosome breaks (unfilled arrow head) with mitomycin C treatment compared with
scrambled control. The table summarizes the average from 2 separate experiments. (C) Nuclear extracts from cells expressing vector-control (VC) or scrambled shRNA or
FANCL shRNA (construct B) were immunoblotted for 3-catenin. Shown is a representative blot from 7 experiments (blot). We performed qRT-PCR to determine whether these
changes are associated with changes in B-catenin mRNA. Shown are the combined results of FANCL shRNA construct A, B, and C (graph, mean = SEM). (D) FANCL was
suppressed by shRNA expression in 293FT cells stably expressing scramble-eGFP (closed markers) or LEF-TCF-eGFP (open markers) reporters. The cells were assayed for
their ability to respond to BIO stimulation using eGFP as the readout. Relative mean fluorescence intensity (MFI) was calculated relative to the no BIO condition. Shown is the
average from 2 experiments with multiple independent replicates in each experiment. (E) gqRT-PCR analysis of Wnt-responsive targets in the same cells generated from the

experiments described in panel D. Horizontal bars indicate mean = SEM. See “Methods” for details on qRT-PCR data analysis.

cells represented by CFU-granulocyte erythrocyte macrophage
megakaryocyte (GEMM) in FANCL-deficient CD34" cells
compared with control CD34" cells (Figure 6B left panel). Yet
there was a significant increase in CFU granulocyte-macrophage
(GM) colonies, suggesting that suppression of FANCL expression

enhances commitment of multipotent cells to more lineage-
restricted progenitors (Figure 6B right panel). Together, these
results suggest that FANCL regulates [3-catenin and pluripotency in
hematopoietic stem and progenitor cells, the organ system that
most consistently fails in patients with FA.
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Figure 6. Suppression of FANCL expression in human CD34* cord blood stem and progenitor cells leads to diminished B-catenin activity and multilineage
progenitor expansion. (A) Approximately 3000 to 6000 CD34" cord blood stem and progenitor cells were transduced with scrambled (Scr) or FANCL shRNA and the
LEF-TCF-eGFP reporter. Cells were analyzed for eGFP expression after 3 days of puromycin selection (7 days total in culture). Remaining eGFP-positive cells were calculated
by multiplying the starting CD34* cells by the proportion of viable cells and the proportion of eGFP-positive cells. Each data point is expressed relative to the Scr condition.
Shown are from 3 independent experiments (except FANCL shRNA construct B) with replicates plotted separately on the graph. The average of the 3 experiments is shown as
a horizontal line within the graph. (B) Methylcellulose colony-forming assays were carried out as described. Colony count and type were scored; CFUs, GEMM colonies, and
GM colonies. Summarized data are shown for 4 independent experiments (mean = SEM). There were very few erythroid burst-forming units in these experiments. *Not
statistically significant; **P < .04, Student ttest. For these studies, transduced CD34 " cells were selected for puromycin resistance. In the colony-forming assays, unselected
(no puromycin) cells were also grown to control for any potential effects of viral transduction on cell viability and colony formation that are independent of FANCL suppression.

Discussion

We show here a direct link between FANCL and the function of the
Wnt/B-catenin pathway known to be involved in HSC develop-
ment, cell-fate determination, and maintenance of the stem cell
pool.>® We report that FANCL overexpression enhances B-catenin
activity and that FANCL-mediates ubiquitination of (3-catenin in
cell-based assays. Protein modification by ubiquitin is a general
mechanism that diversifies both regulation and function of pro-
teins.> Nonproteolytic functions of ubiquitination have been
ascribed to proteins modified by a single ubiquitin molecule (eg,
FANCD?2) or by polyubiquitination with atypical ubiquitin chains.**
In our studies, we detect atypical ubiquitin chain extension on
3-catenin using lysine-11 and lysine-63 ubiquitin residues (Figure
4A). As with Rad6B and EDD, known to positively regulate
B-catenin by atypical ubiquitination mechanisms,?'3> we propose
that these atypical ubiquitin chains catalyzed by FANCL enhance
{3-catenin activity in chromatin where it activates Wnt-responsive
targets (Figure 7).

Loss-of-function studies confirm the functional relevance of the
FANCL/B-catenin interaction. Specifically, suppression of endoge-
nous FANCL markedly inhibited Wnt/B-catenin signaling (Figure
5D). Furthermore, these defects led to diminished gene expression
of Wnt-responsive targets, cyclin D1, c-Myc, and axin2 (list of
Wht-responsive targets summarized at http://www.stanford.edu/
group/nusselab/cgi-bin/wnt/target_genes). Loss of c-Myc is particu-
larly relevant because it is a key regulator of pluripotency in
tissue-specific stem cells including in HSCs.’>>7 Accumulating
evidence suggests that the Wnt/B-catenin pathway is tightly
regulated to maintain HSC function.’® In circumstances of experi-

mental overactivation or suppression, and even transient perturba-
tions of the Wnt/B-catenin pathway, severely impaired HSC
repopulation ability has been described.?’283% Our work suggests
that loss-of-function of FANCL may have such deleterious effects
on HSC function.

Indeed, we show that the suppressed function of FANCL in
primary human CD34" hematopoietic stem and progenitor cells
caused excessive loss of GEMM colony-forming units (CFUs;
Figure 6B). In contrast, there was an expansion of GM colony-
forming units. Previous groups have described excessive HSC
differentiation and proliferation (loss of quiescence) as a marker of
HSC pool depletion.”®! Qur studies also show that there were
fewer [-catenin active cells and diminished nuclear (-catenin
compared with control (Figure 6A; supplemental Figure 4). These
results were most consistent when FANCL suppression was
achieved by FANCL shRNA construct C, which produces the most
severe FA phenotype in terms of excessive radial formation and
chromosome breaks. Partial suppression of FANCL expression (ie,
that achieved by FANCL shRNA constructs A and B) in human
CD34" cells led to an expansion of LEF-TCF active cells under
these experimental conditions (Figure 6A). This may be a compen-
satory response to partial suppression of FANCL or reflect mainly
the GM progenitor expansion observed in the colony forming
assays. Nonetheless, any level of perturbation of FANCL expres-
sion results in substantial loss of GEMM CFUs, which is a
functional assessment of HSC function. Collectively, these observa-
tions suggest that FANCL-deficient CD347" cells display perturba-
tions in Wnt/B-catenin signaling that may affect HSC function.

We also subscribe to the view that these findings may have
therapeutic relevance. Two groups demonstrated that ex vivo
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Figure 7. Proposed model based on our finding that FANCL ubiquitinates B-catenin and enhances its nuclear function. Here we show that FANCL ubiquitinates
B-catenin with mixed ubiquitin chain extension involving lysine-11 and this small pool of B-catenin is not targeted for ubiquitin-proteosome degradation but has enhanced
activity at Wnt-responsive elements. We propose that the loss-of-function of the FA core complex, specifically FANCL, leads to a reduced pool of active -catenin modified by
lysine-11 ubiquitin chain extension. As a result, there is diminished Wnt/B-catenin signaling in FA HSCs. This molecular defect leads to reduced regenerative capacity and
self-renewal of FA HSCs and defines an unfit pool of HSCs susceptible to malignant clonal evolution, especially in the presence of a selective pressure such as TNF-«.2462

exposure of murine Fancc™~ hematopoietic stem and progenitor
cells to TNF-a promote the emergence of TNF-a-resistant leuke-
mic stem cells.?*%> These clonal outgrowths display a high
frequency of cytogenetic abnormalities and produce acute myeloid
leukemia in transplanted recipient mice. These studies support the
concept that a combination of intrinsic cellular defects (reducing
HSC fitness) and extrinsic pressure (TNF-a selecting somatic
mutants with adaptive mutations) drives disease progression in FA
(Figure 7).9% Our studies show that Fancc-deficient MEFs display
excessive loss of P-catenin expression compared with control
MEFs when mitomycin C was selected as the extrinsic pressure
(Figure 2D). We suggest that other FA core complex proteins may
facilitate FANCL-mediated ubiquitination of [-catenin (Figure
2B). Given that the susceptible pool of HSC may be characterized
by deficient Wnt/3-catenin signaling, disease progression might be
subverted by manipulating targets of the Wnt/(3-catenin pathway.
This work provides the basis for additional in vivo confirmatory
studies in the hematopoietic system to demonstrate that the
interaction of FANCL and B-catenin is functionally important in
preventing bone marrow failure and clonal selection.
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