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e p53 signaling is hyperactivated in HUWE1-promoted
intellectual disabilities
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e Juberg-Marsidi brain organoids have reduced size and
aberrant cellular organization

e Restored p53 signaling rescues neural development in
Juberg-Marsidi syndrome

Aprigliano et al., 2021, Cell Reports Medicine 2, 100240
April 20, 2021 © 2021 The Author(s).
https://doi.org/10.1016/j.xcrm.2021.100240

Authors

Rossana Aprigliano, Merdane Ezgi Aksu,
Stefano Bradamante, ..., Magnar Bjgras,
Charles E. Schwartz, Barbara van Loon

Correspondence

barbara.v.loon@ntnu.no

In brief

Using transcriptome analysis, Aprigliano
et al. identify increased p53 signaling as
the most significantly deregulated
process in HUWE1-promoted XLIDs.
Modeling of a severe HUWE1-promoted
XLID, Juberg-Marsidi syndrome, reveals
impaired neural differentiation capacity,
which is successfully rescued by p53
knockdown and restored expression of
p53 target genes, such as CDKN1A/p21.
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SUMMARY

Essential E3 ubiquitin ligase HUWE1 (HECT, UBA, and WWE domain containing 1) regulates key factors, such
as p53. Although mutations in HUWET cause heterogenous neurodevelopmental X-linked intellectual disabil-
ities (XLIDs), the disease mechanisms common to these syndromes remain unknown. In this work, we identify
p53 signaling as the central process altered in HUWE1-promoted XLID syndromes. By focusing on Juberg-
Marsidi syndrome (JMS), one of the severest XLIDs, we show that increased p53 signaling results from p53
accumulation caused by HUWE1 p.G4310R destabilization. This further alters cell-cycle progression and pro-
liferation in JMS cells. Modeling of JMS neurodevelopment reveals majorly impaired neural differentiation
accompanied by increased p53 signaling. The neural differentiation defects can be successfully rescued
by reducing p53 levels and restoring the expression of p53 target genes, in particular COKN1A/p21. In sum-
mary, our findings suggest that increased p53 signaling underlies HUWE1-promoted syndromes and impairs

XLID JMS neural differentiation.

INTRODUCTION

Neurodevelopment is a complex, finely regulated process in
which ubiquitination plays a fundamental role by controlling
key factors that act in cell proliferation, differentiation, death,
and migration.’ The specificity of this posttranslational multistep
mechanism is determined by E3 ubiquitin ligases that transfer
ubiquitin to the substrate protein. Alterations in E3 ubiquitin li-
gases were associated with different neurological diseases. Mu-
tations in E3 ligase HUWE1 (HECT, UBA, and WWE domain
containing 1; also known as Mule, ARF-BP1, ES3Histone,
UREB1, HectH9, and LASU1) cause neurodevelopmental X-
linked intellectual disability (XLID) syndromes.””” HUWE1-pro-
moted XLID syndromes are heterogenous, presenting with a
spectrum of clinical findings that vary in severity and range
from dysmorphic facial features and mild intellectual disability
(ID) to extreme ID and early death. Juberg-Marsidi syndrome
(UMS) is one of the severest forms of XLID, characterized by
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acute learning disability, generalized undergrowth, micro-
cephaly, seizures, and reduced lifespan.® We recently showed
that XLID JMS is caused by p.G4310R HUWE1 mutation (Fig-
ure 1A) and is accompanied by p53 accumulation.” If and to
which extent p53 accumulation contributes to JMS and
HUWE1-promoted XLID in general is unclear. Altogether,
although different HUWET mutations clearly cause XLID syn-
dromes, the underlying pathomechanisms through which
HUWET mutations contribute to onset of XLIDs remain largely
unknown.

E3 ubiquitin ligase Huwel was demonstrated to have vital
functions in neurodevelopment, and its loss leads to lethality in
mice.®'° Huwe1 affects laminar patterning by ensuring timely
cell-cycle exit and differentiation of neural progenitor cells
(NPCs) in the cerebral cortex and of neuronal and glia progeni-
tors in the cerebellum.® "' We suggested that similar to mouse
progenitors, HUWE1 has an important role in human NPCs.'®
HUWE1 mediates its vital roles by regulating activity and stability
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of key cellular factors, such as p53. In unstressed cells, HUWE1
was suggested to be one of the key E3 ligases responsible for
p53 ubiquitination and degradation.'* Transcription factor p53
controls expression of genes involved in the cell cycle,
apoptosis, and differentiation. Although p53 has been exten-
sively studied as a tumor suppressor whose loss promotes can-
cer, several lines of evidence suggested that altered p53 activity
contributes to developmental defects in different human genetic
syndromes.'® By regulating the balance among apoptosis, pro-
liferation, and differentiation, p53 is suggested to play an impor-
tant role in brain organogenesis. Lack of p53 was shown to
promote expansion of NPCs and alter their differentiation,®'”
whereas p53 increase in neurons triggered developmental pro-
grammed cell death.'®2° In addition, reduced p53 expression
was suggested to impair cytoarchitecture in human brain orga-
noids, resulting in a disorganized stem cell layer and reduced
number of progenitor cells and neurons.?’ Although both
HUWE1 and p53 play an important role in regulation of prolifera-
tion and differentiation, the extent to which these two factors co-
operate in ensuring unperturbed neurodevelopment remains
largely unknown.

In this work, we showed that increased p53 signaling is the
common feature of the HUWE1-promoted XLID syndromes.
Comparison of transcriptomes from XLID and healthy age-
matched control lymphoblastoid cells (LCs) identified a set of
common differentially expressed genes (DEGs) belonging to
the p53 signaling pathway. To explore the functional importance
of deregulated p53 signaling, we focused on one of the severest
XLID forms: JMS caused by HUWE1 p.G4310R. The p.G4310R
mutation did not affect HUWE1 activity but instead reduced its
stability, leading to p53 accumulation and consequently
increased expression of p53 target genes. The increased p53
signaling in JMS patient-derived LCs resulted in impaired cell-
cycle progression and significantly reduced proliferation. Inter-
estingly, subsequent modeling of disease neurodevelopment,
through human induced pluripotent stem cells (hiPSCs) derived
from a JMS patient, revealed majorly impaired neural differenti-
ation capacity. This was accompanied by increased p53
signaling in JMS neural cells. Defects in JMS neurodevelopment
were further evident in altered cortical cytoarchitecture, resulting
in a disorganized layer of proliferating NPCs and reduced JMS
brain organoid size. The observed neural differentiation defects
were directly caused by elevated p53 activity, because p53
knockdown and restored expression of p53 target genes, in
particular of CDKN1A/p21, efficiently rescued neurodevelop-
mental potential of JMS hiPSCs. Altogether, our findings identify
increased p53 signaling as the pathomechanism common to
HUWE1-promoted XLIDs and suggest a crucial role for the
HUWE1-p53 pathway during human neurodevelopment.

RESULTS

Increased p53 signaling is a process commonly
deregulated in XLID cells harboring different HUWE1
mutations

Mutations in HUWE1 cause heterogenous neurodevelopmental
XLID syndromes. To determine the process that underlies XLIDs
caused by different HUWE1 mutations, and because HUWE1
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regulates multiple transcription factors important for neurodevel-
opment,'®?*> we performed RNA sequencing analysis. The LC
transcriptomes from five XLID patients harboring different
HUWE1 mutations (Figure 1A) were compared with the transcrip-
tomes from four control healthy age- and gender-matched LCs.
This led to identification of 277 common DEGs in all XLID LCs,
with a >1.5-fold change and a false discovery rate (FDR) <
0.3. KEGG pathway analysis of the 277 DEGs revealed p53
signaling as the most significantly enriched pathway across the
XLID LCs with different HUWE1 mutations (Figure 1B). Nearly
all DEGs regulated by p53 were upregulated in XLID patient
LCs (Figure 1C) with the exception of RRM2, a ribonucleotide
reductase gene known to be suppressed by p53.%° To validate
this, the expression of well-known p53 target genes BBC3/
PUMA, GADD45a, and CDKN1A/p21, was analyzed by gRT-
PCR. In line with the RNA sequencing results, these genes
were significantly overexpressed in XLID LCs compared with
healthy control cells (Figures 1D-1F). Altogether, our results sug-
gest that increased p53 signaling and subsequent deregulation
of p53 target genes are the common features of XLID cells with
different HUWE1 mutations.

Deregulated expression of p53 target genes contributes
to an altered cell cycle and reduced proliferation in
HUWE1-promoted JMS

To explore the impact of increased p53 signaling (Figure 1) on
cellular functioning, we focused on one of the severest XLID
forms: JMS caused by mutated HUWE1 p.G4310R. We first
confirmed increased p53 signaling by detecting significant over-
expression of p53 targets BBC3/PUMA and GADD45a in LCs
from two JMS patients compared with healthy controls (Fig-
ure S1). The subsequent immunoblot analysis of JMS LCs
revealed a two-fold increase in p21 protein levels (Figure 2A),
suggesting that increased p53 activity is directly reflected in
the deregulated protein status of the p53 targets. In line with
our previous work,” HUWE1 p.G4310R levels were reduced,
and p53 accumulated in JMS LCs (Figure 2A). To better under-
stand how mutated HUWE1 p.G4310R causes p53 accumula-
tion, we next compared the activities of wild-type (WT) and
G4310R HUWET1 catalytic HECT domains. In vitro ubiquitination
assays indicated that both HECT G4310R and HECT WT ubiqui-
tinate p53 with similar efficiencies (Figure 2B), thus indicating
that G4310R does not affect HUWE1 catalytic HECT domain ac-
tivity. Because HUWE1 p.G4310R levels are reduced in JMS
cells (Figure 2A)," we next tested whether the mutation poten-
tially affects HUWET stability by calculating change in the folding
free energy (AAG) between WT and G4310R proteins. Several
tools (MCSM,?* SDM,*®> DUET,?® iMutant2.0,?” and PoPMu-
SiC?®) revealed negative AAG, indicating that G4310R mutation
destabilizes HUWE1 (Figure 2C). Altogether, these results sug-
gest that JMS causing G4310R mutation negatively affects
HUWE?1 stability, which in turn promotes p53 accumulation
and leads to increased signaling. On a functional level, increased
p53 signaling was accompanied by impaired cell-cycle progres-
sion, with significant JMS LC accumulation in the G1 phase and
reduction in the S phase of the cell cycle (Figure 2D). Besides
cell-cycle impairments, a slight, although not significant, in-
crease in the apoptosis rate measured by annexin V staining
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Figure 1. p53 signaling is hyperactivated in cells from XLID patients with mutated HUWE1

(A) Schematic representation of XLID-causative HUWE1 mutations analyzed in this study (p.R2981H, p.R4187C, and JMS-p.G4310R; HUWET duplication: 2x).
Depicted HUWE1 domains: ARLD1/2, Armadillo repeat-like domains 1/2; UBA, ubiquitin-association domain; WWE, tryptophan-tryptophan-glutamate domain;
BH3, Bcl-2 homology 3 domain; HECT, homologous to E6-AP carboxyl terminus domain.

(B) Top five most significant KEGG pathway terms as determined by gene set enrichment analysis (GSEA) of common differentially expressed genes in XLID
patient-derived lymphoblastoid cells (LCs) compared with healthy individual cells (Benjamini corrected p < 0.05).

(C) Heatmap of common differentially expressed genes in XLID compared with healthy LCs belonging to the KEGG p53 signaling term.

(legend continued on next page)
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(Figure 2E) and significantly reduced proliferation (Figure 2F)
were observed in the two JMS LCs. Altogether, these findings
suggest that in differentiated JMS cells, such as LCs, increased
p53 signaling results in impaired cell-cycle progression and
reduced proliferation.

Increased p53 signaling leads to impaired neural
differentiation of JMS patient hiPSCs

To determine whether the elevated p53 signaling observed in
Figure 1 affects JMS neurodevelopment, we modeled the dis-
ease in a set of neural induction experiments, using two indepen-
dent JMS hiPSC clones (JMS-cl.1 and JMS-cl.2) generated by
reprograming of fibroblasts from a JMS patient (Ill-2).* Both
JMS-cl.1 and JMS-cl.2 were characterized by unperturbed
expression of pluripotency markers OCT4, SSEA, and SOX2
and embryoid body (EB) formation comparable to that of healthy
control hiPSCs (WT-DYS0100 and WT-CRL(S)23) (Figures S2A-
S2H). Furthermore, the germ layer markers GATA4 (endoderm),
FOXC1 (mesoderm), and NES/NESTIN (ectoderm) were ex-
pressed at similar levels in JMS and healthy control EBs (Figures
S21-S2K). In summary, these results indicate the comparable
pluripotent ability of JMS-cl.1, JMS-cl.2, and healthy control
WT-DYS0100 and WT-CRL(S)23 hiPSCs. Further characteriza-
tion of hiPSCs indicated that as in two JMS LC lines (Figure 2A),
p53 accumulates in JMS hiPSC clones compared with controls
(Figure S2L). Interestingly, despite increased p53 levels, no dif-
ference in cell-cycle progression was observed between control
hiPSCs and JMS clones (Figure S2M).

To model JMS, we next performed neural induction experi-
ments up to the stage of rosettes.”® Although both healthy con-
trol and JMS hiPSCs formed EBs with comparable capacities
(Figure S2H), JMS-cl.1 and JMS-cl.2 hiPSCs failed to undergo
neural differentiation (Figure 3A), forming significantly fewer neu-
ral rosettes compared with control WT-DYS0100 and WT-
CRL(S)23 hiPSCs (Figure 3B). This observation was supported
by the mRNA profiles, which upon neural induction revealed
dramatically reduced expression of neural differentiation
markers TUBB3/TUJ1 and DCX in JMS-cl.1 and JMS-cl.2 (Fig-
ures 3E and 3F). To a lesser extent, upon differentiation, the
levels of proliferating NPC maker NES/NESTIN were also signif-
icantly reduced in the JMS background compared with healthy
controls (Figure 3D). The levels of pluripotency marker OCT4
were comparable in JMS and healthy hiPSCs and as expected
significantly reduced upon differentiation (Figure 3C). Similar to
the changes on the mRNA level, TUJ1 staining was reduced
and TUJ1-positive branches were dramatically altered in JMS-
cl.1 and JMS-cl.2 rosettes compared with control samples (Fig-
ures 3G and 3H).

To determine the extent to which impairments in neural differ-
entiation correlate with p53 signaling, the expression of several
important p53 targets was analyzed. Although no differences
were observed in the expression of COKN1A/p21, GADD45q.,
BBC3/PUMA, and BAX in the hiPSCs, levels of all tested p53 tar-
gets were increased in JMS compared with healthy control cells

Cell Reports Medicine

(Figures 31-3L), thereby indicating elevated p53 signaling upon
neural induction of JMS hiPSCs. The most prominent and signif-
icantly increased p53 target gene was CDKN1A/p21 (Figure 3l).
In summary, our results suggest that capacity to undergo neural
differentiation is significantly reduced in the analyzed JMS pa-
tient hiPSCs and accompanied by elevated p53 signaling,
whereas the stem cell identity remains unaltered.

JMS patient-specific cerebral organoids fail to fully
develop

To assess the extent to which observed neural differentiation im-
pairments influence neurogenesis, cerebral organoids were
developed using WT-DYS0100 and JMS-cl.1 hiPSCs. Although
similar to rosette development (Figure 3), no difference was
observed at the stage of EB formation and growth (day 4), and
major developmental failure occurred in JMS patient-specific
cerebral organoids upon formation of neuroepithelial buds (day
14) (Figures S3A and S3B). Most JMS organoids failed to
develop further, and only a few (1-2 of initial 96 in several inde-
pendent experiments) passed day 35 of development. The
JMS organoids that did develop were significantly smaller than
the control organoids during days 14-60 (Figures S3A and
S3B). Furthermore, the regions of cortical layering were dramat-
ically reduced in the JMS patient-specific organoids and ex-
hibited reduced cellularity and increased ventricle-like spaces
(Figure S3C). The reduced cellularity was accompanied by
visibly decreased and disorganized Ki67 staining, a marker of
proliferation, in JMS organoids (Figures S3D and S3E), thus cor-
responding to the altered cortical layering observed in Fig-
ure S3C. Altogether, the reduced cellularity, altered layering,
and decreased size observed in JMS patient-specific organoids
closely recapitulate symptoms described in JMS patients,
including microcephaly, enlarged ventricles, and reduced
lifespan.*®

p53 downregulation rescues neurodevelopmental
defects in JMS patient hiPSCs

As shown in Figure 3, the impaired neural differentiation in JMS
patient hiPSCs was accompanied by elevated p53 signaling.
However, the extent to which elevated p53 levels directly cause
JMS neurodevelopmental impairments remained unclear. To
address this and test whether neurodevelopmental defects are
a consequence of increased p53, we infected JMS-cl.1 and
JMS-cl.2 hiPSCs with lentivirus encoding scrambled control
short hairpin RNA (shRNA [shCitrl]), or three shRNAs targeting
p53 (shp53a, shp53b, and shp53c) and confirmed knockdown
efficiencies (Figures S4A and S5A). Importantly, p53 knockdown
resulted in JMS neural rosette formation comparable to healthy
controls, thus efficiently rescuing the impaired neural differentia-
tion observed in JMS-cl.1, JMS-cl.1 shCtrl, JMS-cl.2, and JMS-
cl.2 shCtrl (Figures 4A and S5B). Rescue of neural differentiation
in JMS shp53 rosettes was accompanied by increased expres-
sion of maturation markers TUBB3/TUJ1 and DCX to a level
significantly higher than in JMS and JMS shCtrl samples (Figures

(D-F) mRNA levels of p53 target genes CDKN1A/p21 (D), GADD45« (E), and BBC3/PUMA (F) determined by gRT-PCR analysis of four healthy (GM03798,
GMO07535, GM16113, and GM16119) and five XLID LCs with mutated HUWE1 (p.R2981H, p.R4187C, JMS-p.G4310R, and HUWET duplication).
All error bars indicate mean + SEM (n = 3, biological replicates). Two-tailed unpaired t test; **p < 0.01, ***p < 0.0001.
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Figure 2. p53 accumulation and activation, caused by HUWE1 p.G4310R, perturb the cell cycle and impair proliferation in JMS patient-

derived cells

(A) Immunoblot analysis of the HUWE1, p53, and p21 protein levels in healthy control LCs and LCs from two JMS patients (JMS1 and JMS2). p53 protein levels

relative to tubulin, serving as loading control, are indicated.

(B) In vitro ubiquitination of purified recombinant p53 with increasing amounts of wild-type (WT) and p.G4310R HECT proteins.

(C) In silico analysis of difference in the folding free energy change (AAG) of WT and G4310R HUWE1 using the indicated prediction tools.
(D) Cell-cycle distribution determined by flow cytometry of healthy control, JMS1, and JMS2 LCs.
(
(

E) Fraction of annexin V-positive apoptotic cells measured by flow cytometry.

F) Proliferation rate of healthy control, JMS1, and JMS2 LCs.

All error bars indicate mean + SEM (n > 3, biological replicates). Statistical significance was determined by two-way ANOVA with Tukey post-test (D) and
Bonferroni post-test (F); one-way ANOVA with Bonferroni post-test; *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, n.s. > 0.05. See also Figure S1.

4C, 4D, S5D, and S5E). In line with mRNA expression of matura-
tion markers (Figures 4C and S5D), the TUJ1 signal and positive
branches were restored in JMS-cl.1 and JMS-cl.2 cells upon p53
knockdown (Figures 4E, S4B, and S5I). In addition to the
changes in maturation markers, p53 knockdown resulted in
significantly reduced expression of p53 target CDKN1A/p21
(Figures 4F and S5F). Levels of GADD454. and BAX (Figures
4G and 4H) were also reduced; however, the reduction was
not significant across JMS-cl.1 and JMS-cl.2. In summary, p53
knockdown in JMS-cl.1 and JMS-cl.2 hiPSCs resulted in signif-
icant rescue of the capacity to produce maturing neurons, thus
suggesting that elevated p53 signaling is likely a predominant
cause of impaired JMS neural differentiation.

DISCUSSION
HUWET1 is an essential E3 ubiquitin ligase that plays a decisive

role in early stages of neurodevelopment.®° In humans,
HUWE1 mutations cause XLID syndromes; however, the under-

lying pathomechanisms are still poorly understood. In this work,
we demonstrate that p53 signaling is the process commonly
altered in XLID cells with different HUWE1 mutations. Specif-
ically, RNA sequencing performed on cells from five independent
XLID patients with mutated HUWET identified p53 signaling as
the most significantly altered pathway compared with the four
healthy control cell lines (Figure 1). Analysis of expression
changes in individual p53 target genes revealed increased p53
signaling in XLID cells. These findings support the hypothesis
that p53 activation might be an important link among different
genetic developmental disorders.”® Although augmented p53
signaling was indicated as the common feature of HUWE1-pro-
moted XLIDs (Figure 1), to explore the importance of increased
p53 signaling, we focused on JMS, one of the severest XLID
forms. In addition to increased p53 signaling, JMS was charac-
terized by reduced HUWE1 p.G4310R levels and p53 accumula-
tion (Figure 2A).* The p53 accumulation was likely a result not of
altered HUWE1 p.G4310R activity (Figure 2B) but instead of
reduced stability (Figure 2C). Besides p53 protein accumulation,

Cell Reports Medicine 2, 100240, April 20, 2021 5
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Figure 3. Neural differentiation of JMS patient hiPSCs is impaired and accompanied by activation of p53 signaling
(A) Representative bright-field images of neural differentiation of healthy control hiPSCs (WT-DYS0100 and WT-CRL(S)23) and two hiPSC clones from a JMS
patient expressing HUWE1 p.G4310R (JMS-cl.1 and JMS-cl.2) at day 11; neural rosette structures are visible.

(legend continued on next page)
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specific patterns of posttranslational modifications, such as
phosphorylation and acetylation, promote p53 signaling and
the expression of p53 target genes.®' Although we did not detect
a significant increase in p53 Serine 15 phosphorylation in JMS
cells (data not shown), it will be interesting in the follow-up
work to determine modifications and sites on p53 at which
they occur to further explore p53 activity and regulation in
JMS. By modeling JMS neurodevelopment with JMS patient-
derived JMS-cl.1 and JMS-cl.2 hiPSCs, we show that increased
p53 signaling significantly reduced the neural differentiation ca-
pacity of JMS stem cells, whereas the ability to form EBs re-
mained unaffected (Figures 3 and S2). Interestingly, work
focusing on an XLID-causing mutation in another E3 ubiquitin
ligase, RNF12, indicated that similar to HUWE1 p.G4310R, loss
of RNF12 function results in altered neural differentiation.®” The
reduced neural differentiation capacity observed in the
HUWE1-promoted JMS stem cells (Figure 3) is supported by
studies in mice, which indicated the crucial importance of
Huwe1 in the cell-cycle exit of NPCs and their subsequent neuro-
genic differentiation in both cerebral cortex'' and cerebellum.'?
The impaired JMS neurogenic capacity was accompanied by
increased levels of the p53 target genes CDKN1A/p21,
GADD45a, BBC3/PUMA, and BAX at the final stages of neural
differentiation, of which CDKN1A/p21 levels were most signifi-
cantly affected (Figures 31-3L). The impaired neural differentia-
tion of JMS hiPSCs was reflected in majorly perturbed brain
organogenesis, as demonstrated through the development of
patient-specific JMS cerebral organoids (Figure S3). Only a
few of the JMS organoids that developed had decreased size,
which is in line with the microcephaly observed in JMS patients,*
and were characterized by reduced cellularity and lack of laminar
patterning, features reported previously in Huwel mouse
models.""'? The reduced cellularity in JMS organoids (Figure S3)
coincides with the apparent lowered DAPI intensity and reduced
cell numbers in JMS samples undergoing neural differentiation
(Figures 3 and 4). The observation that elevated p53 activity ac-
companies neurodevelopmental impairments in JMS is sup-
ported by studies showing that patients with germline TP53
mutations present with microcephaly,®® as well as that micro-
cephaly and neurodevelopmental defects in several human neu-
rodevelopmental disorders are p53 dependent.'® This supports
the idea that deregulation of p53 activity could have central
role in the onset of various neurological conditions. p53 knock-
down in the hiPSCs from a JMS patient, and consequently
restored expression of p53 targets, in particular of CDKN1A/
p21, resulted in significant rescue of JMS capacity to form ro-
settes and the expression of neural maturation markers (Figures
4 and S5). Recent work similarly showed that p53 knockdown in-
creases the pace of healthy neuroepithelial stem cell differentia-
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tion into neurons, which was accompanied by reduced
CDKN1A/p21 expression.21 Furthermore, Huwe1 depletion in
Drosophila results in impaired development, characterized by
aberrant cell-cycle phasing and failure to enter the S phase;
similar to our observations, all Huwe1 loss-of-function pheno-
types were successfully suppressed by p53 knockdown.** In
mouse iPSCs, p53 accumulation was shown to cause impaired
neural differentiation, which was successfully overcome by p53
inactivation.*® In summary, our findings suggest that augmented
p53 signaling is the common process underlying HUWE1-pro-
moted XLID syndromes. Our previous work showed that de-
pending on the type of HUWET mutation, its stability and activity
are differentially affected, which in turn can have specific im-
pacts on p53 levels.*'® In addition, because p53 regulation of
target genes is strongly influenced by chromatin status and
cell type®*® and different HUWE1-promoted XLID syndromes
present with unique symptoms, subsequent studies are needed
to clarify how increased p53 signaling contributes to the different
phenotypes.

Altogether, the findings presented in this study indicate that
HUWET plays a vital role in regulation of p53 signaling during hu-
man neurodevelopment and suggest an important contribution
of the HUWE1-p53 pathway in stem cell differentiation, an imbal-
ance of which has the capacity to cause the onset of neurodeve-
lopmental XLIDs.

Limitations of study

Afrequentlimitation in rare disease studies such as thisone isalow
number of participants and limited availability of samples from do-
nors.*® This is a particular challenge in hiPSCs-based research, in
which multiple patient samples are ideally reprogrammed and
compared in parallel.***° Primarily, inter-individual heterogeneity
across the genome, even in the individuals that carry identical
pathogenic mutations, was reported to cause a certain level of
hiPSC heterogeneity.*>*' Because the number of individuals
with identical pathogenic mutations is frequently limited in rare dis-
ease studies, one important factor is the analysis of hiPSCs from
patients exhibiting representative clinical phenotypes.*® The
JMS analyzed in this work represents severe ID and dysmorphic
features that are frequently observed across HUWE1-promoted
XLIDs.” However, because of limited material availability, all hiPSC
clones analyzed in this study were from a single donor (Figures 3, 4,
and S2-S5). Although analysis of the independent clones is of key
importance to ensure the significance of impairments in neural dif-
ferentiation capacities of hiPSCs from a JMS patient with HUWE1
p.G4310R (Figures 3, 4, and S2-S5), it does not account for the po-
tential heterogeneity in differentiation of hiPSCs from different do-
nors with the same genetic background. Parallel reprogramming of
cells from different donors with HUWE1-promoted XLIDs would

(B) Relative number of rosettes formed in WT and JMS clones (n > 3, biological replicates).
(C-F) gRT-PCR analysis of gene expression of OCT4 (C), NES/NESTIN (D), TUBB3/TUJ1 (E), and DCX (F) in WT and JMS hiPSCs and neural cells (collected at day

13) (n = 3, biological replicates).

(G) Immunofluorescence analysis of TUJ1 in WT and JMS hiPSCs at day 13 of neural differentiation.
(H) Relative intensity of the TUJ1 signal in WT and JMS clones from experiments like the one in (G) (n > 2, biological replicates).
(I-L) gRT-PCR analysis of mRNA levels of the p53 target genes CDKN1A/p21 (l), GADD45« (J), BBC3/PUMA (K), and BAX (L) in WT and JMS hiPSCs and neural

cells (collected at day 13) (n = 3, biological replicates).

All error bars indicate mean + SEM; one-way ANOVA followed by Tukey post-test (B); two-way ANOVA followed by Tukey post-test (C-F and I-L); “p < 0.05, **p
< 0.01, *p < 0.001, ***p < 0.0001, n.s. > 0.05. Scale bar: 400 um. See also Figures S2 and S3.
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Figure 4. p53 downregulation rescues neurodevelopmental defects in XLID JMS patient hiPSCs

(A) Relative number of rosettes upon neural differentiation of WT-DYS0100, JMS-cl.1, and JMS-cl.1-expressing shRNA control (shCtrl) or shRNA targeting p53
(shP53a and shP53b) hiPSCs (n > 3, biological replicates). JMS cells harbor HUWE1 p.G4310R.

(B-D) mRNA expression levels of NES/NESTIN (B), TUBB3/TUJ1 (C), and DCX (D) analyzed by gRT-PCR in WT and JMS neural cells (collected at day 13) ad-
dressed by gRT-PCR.

(E) Immunofluorescence analysis of the TUJ1 signal in WT-DYS0100, JMS-cl.1, JMS-cl.1 shCtrl, and JMS-cl.1 shP53a and shP53b at day 13 of neural differ-
entiation.

(F-H) qRT-PCR analysis of CDKN1A/p21 (F), GADD45« (G), and BAX (H) expression in WT and JMS neural cells (collected at day 13).

All error bars indicate mean + SEM (n = 3, biological replicates); one-way ANOVA followed by Dunnett’s post-test (A); one-tailed t test (B-D and F-H); *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001, n.s. > 0.05. See also Figures S4 and S5.
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allow further delineation of the degree of effects caused by
mutated HUWE1. An additional possible approach could be based
on the recent advancements in genome-editing approaches and
their increasing efficiencies to generate corrected, as well as
isogenic, hiPSCs from well-characterized, preexisting hiPSC lines.

In summary, although the degree of heterogeneity in neural dif-
ferentiation capacities of hiPSCs from different JMS individuals
remains to be determined, the results of this work identified
specific neurodevelopmental defects in cells with HUWE1
p.G4310R mutations and as such recapitulate important pheno-
types observed in JMS patients.”
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HUWEH1 Bethyl Laboratories A300-486A; RRID:AB_2264590
p53 ThermoFisher Scientific MA5-12571; RRID:AB_10986581
p21 ThermoFisher Scientific 33-7000; RRID:AB_2533135
Tubulin Sigma-Aldrich T9026; RRID:AB_477593
B-Actin Sigma-Aldrich A1978; RRID:AB_476692
Dye-conjugated secondary antibodies Li-COR Bioscienecs N/A

OCT4 Cell signaling C30A3; RRID:AB_2167691

SSEA4 Cell signaling MC813; RRID:AB_1264259
NESTIN Abcam ab22035; RRID:AB_446723
TUJ1 Covance MMS-435P; RRID:AB_2313773
Kie7 Abcam ab15580; RRID:AB_443209
Donkey anti-Mouse, Alexa Fluor 488 Invitrogen A21202; RRID:AB_141607
Goat anti-Rabbit, Alexa Fluor 594 Invitrogen A11037; RRID:AB_2534095
Bacterial and virus strains

E.coli BL21-CodonPlus (DE) RP Agilent 230255

Chemicals, peptides, and recombinant proteins

Halt Protease and Phosphatase Inhibitors Thermo Scientific 78445

Cocktail

Accutase STEMCELL Technologies 07922

mTesR.1 medium STEMCELL Technologies 85850

E8 medium Thermo Scientific A1517001

DMEM/F12 medium GIBCO 11330057
NEUROBASAL-A medium GIBCO 10888022

Knock-out serum replacement (KSOR) GIBCO 10828-028

Glutamax Invitrogen 35050-038

MEM non-essential amino acids Sigma M7145

Y27632 (Rock inhibitor) Merck 688000-100MG

Noggin R & D Systems 1967-NG-025
2-mercaptoethanol GIBCO 31350-010

B27 supplement, 50x GIBCO 17504-044

B27 supplement (50x), minus vitamin A GIBCO 12587-010

N2 supplement (100x) GIBCO 175020-01

Ascorbic acid Merck A8960-5G

BDNF R&D Systems 248-BDB-050

P53 Milipore 23-034

GDNF R&D Systems 212-GD-050
dibutyryl-cAMP Sigma D0627-250MG

Critical commercial assays

SENSE mRNA-Seq library prep kit
Mag-Bind RXNPure Plus beads
KAPA Library Quantification Kit

el Cell Reports Medicine 2, 100240, April 20, 2021

Lexogen GmbH, Vienna, Austria
Omega Bio-tec, GA, USA
Roche

001.96
M1386-01
7960204001

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Agilent High Sensitivity DNA Kit on a Agilent Technologies, CA, USA 5067-4626
Bioanalyzer

cBot Cluster Generation System on Illlumina Inc., CA, USA SY-301-2002
HiSeq4000 flowcells

Dead Cell Apoptosis Kit Molecular Probes V13241
hPSC Genetic Analysis Kit Stem Cell Technologies 07550

Deposited data

RNA sequencing of healthy control and
patient LCs

GEO

GEO: GSE130551

Experimental models: Cell lines

Healthy individual LCLs (GM03798,
GMO07535, GM16113, GM16119)

XLID LCLs with HUWE1 duplication, or
HUWE1 p.R2981H and p.R4187C
mutations

JMS1 and JMS2 and WT LCLs with
mutation HUWE1 p.G4310R

JMS1 patient-derived human induced
pluripotent stem cells (hiPSCs)

Healthy control hiPSCs

Coriell Cell Repository (Coriell Institute for

Medical Research, USA)

Bosshard et al.’®

Friez et al.*
Applied StemCell (California, USA)

ATCC, Manassas, USA
CRL(S)23—in Siller et al.*?

N/A

N/A

N/A

N/A

ATCC-DYS0100

Oligonucleotides

Listed in Table S1. N/A
Recombinant DNA

shControl; pLKO.1 puro Addgene 8453
shp53 pLKO.1 puro shRNA Addgene 19119
shp53 pLKO.1 puro shRNA-427 Addgene 25636
shp53 pLKO.1 puro shRNA-941 Addgene 25637
pET28-HECT Parsons et al.** N/A
Software and algorithms

bcl2fastq 2.20.0.422 lllumina, Inc., CA, USA N/A
STAR aligner Dobin et al.** v2.4.0
htseg-count Anders et al.*® v0.6.0
limma voom Ritchie et al.*® N/A
DAVID (Database for Annotation, Huang et al.*’ N/A
Visualization, and Integrated Discovery,

v6.8)

FlowJo™ LLC software v. 10.6.1
Fiji ImageJ National Institute of Health v. 1.53c
iMaris Bitplane v. 8.2.1
Other

RNeasy mini kit QIAGEN 74106
MultiScribe Reverse Transcriptase ThermoFisher Scientific 4311235
Power SYBR Green PCR Master Mix Applied Biosystems 43-676-59
lllumina HiSeg4000 instrument lllumina, Inc., CA, USA N/A

BD FACSAria Il BD Biosciences N/A
U-bottom ultra-low attachment 96-well Corning CLS7007
plates

Costar 24-well plates, flat bottom, ultra-low Corning CLS3473-24EA

attachment

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Matrigel BD Biosciences 356234
Zeiss LSM 510 Meta live Confocal system Zeiss N/A

EVOS FL Auto Cell Imaging System ThermoFisher Scientific AMF5000

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Barbara
van Loon (barbara.v.loon@ntnu.no).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

The data that support the findings of present study are available from the corresponding author on reasonable request. The RNA
sequencing data reported in this paper are available in GEO under accession GEO: GSE130551. The study did not generate any
new codes.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
The XLID LCs with HUWET duplication, HUWE1 p.R2981H or HUWE1 p.R4187C mutation were used as described previously.® The
JMS1 and JMS2 LCs with mutated HUWE1 p.G4310R were obtained from the individuals llI-2 and V-4, and WT LCs from healthy
relative IV-1, from the original family reported by Juberg and Marsidi*® and described by Friez et al.* Informed consent was obtained
from participants enrolled in the study of X-linked Intellectual Disability according to the regulations of the Institutional Review Board
of Self Regional Healthcare and Greenwood Genetic Centre, South Carolina, USA. In addition to the five XLID patient LCs, four
healthy gender- and age- matched LCs (GM03798, GM07535, GM16113, GM16119) were obtained from Coriell Cell Repository (Cor-
iell Institute for Medical Research, USA). All LCs were maintained in RPMI 1640 (Corning) with 15% FBS (ThermoFisher Scientific),
1% penicillin/streptomycin (Sigma), in a humidified 5% CO, atmosphere at 37°C. The cell lines were tested for mycoplasma.

Patient-derived hiPSCs were generated by Applied StemCell (California, USA) by viral-free episomal reprogramming of JMS indi-
vidual Ill-2 fibroblasts through electroporation with three reprogramming plasmids containing human sequences for OCT4, SOX2,
KLF4, LIN28, L-MYC. Two independent clones from the same reprograming experiment (JMS cl.1 and cl.2) were used further. Using
similar approach were generated healthy control CRL(S)23 cells (WT-CRL(S)23).“ The JMS hiPSC clones (cl.1 and cl.2), WT-CRL(S)
23, as well as additional healthy control WT-DYS0100 (ATCC, Manassas, USA) were grown in mTeSR1 (STEMCELL Technologies)
and E8 medium (ThermoFisher Scientific), on CellMatrix Basement Membrane Gel (ATCC) coated dishes. All cell lines were grownina
humidified 5% CO, atmosphere at 37°C, and regularly tested for mycoplasma. The hiPSC cell lines were verified for the expression of
pluripotency genes by immunofluorescence and RT-qPCR (Figure S2), karyotyped using hPSC Genetic Analysis Kit (Stem Cell
Technologies).

Samples were allocated to the healthy and XLID experimental groups based on the HUWET status, which was confirmed by
sequencing. The sample size was determined in line with our previous work,”'® as well as tested by G*Power 3 analysis*° to reach
statistical power of 0.8.

METHOD DETAILS

Number of biological replicates are indicated in the Figure Legends. Sample size was determined as described above. No data was
excluded from the experiments. In all experiments random cultures of healthy and XLID cells were used. The RNA-sequencing, gene
expression analysis in LCs and neural differentiation experiments, germ layer marker analysis and Hematoxylin Eosin Saffron staining
of organoids were performed by investigators blinded to the outcome data.

RNA isolation and quantitative PCR

RNA isolation was performed using RNeasy mini kit (QIAGEN) and cDNA subsequently generated with MultiScribe Reverse Tran-
scriptase (ThermoFisher Scientific) according to the manufacturer’s instructions. Quantitative PCR (QPCR) was performed with Po-
wer SYBR Green PCR Master Mix (Applied Biosystems) on a StepOnePlus Real-Time PCR System. gPCR was performed with primer
pairs (Sigma) listed in Table S1.

e3 Cell Reports Medicine 2, 100240, April 20, 2021


mailto:barbara.v.loon@ntnu.no

Cell Reports Medicine ¢ CelPress

RNA sequencing

RNA sequencing libraries were generated using SENSE mRNA-Seq library prep kit according to manufacturer’s instructions (Lexo-
gen GmbH, Vienna, Austria). In brief, 300 ng of total RNA was prepared and incubated with magnetic beads coated with oligo-dT,
then all other RNAs except mRNA were removed by washing. Library preparation was then initiated by random hybridization of
starter/stopper heterodimers to the poly(A) RNA still bound to the magnetic beads. These starter/stopper heterodimers contain Illu-
mina-compatible linker sequences. A single-tube reverse transcription and ligation reaction extends the starter to the next hybridized
heterodimer, where the newly synthesized cDNA insert was ligated to the stopper. Second-strand synthesis was performed to
release the library from the beads. The resulting double-stranded library was purified and amplified (13 PCR cycles) prior to adding
the adaptors and indexes. Finally, libraries were purified using the Mag-Bind RXNPure Plus beads (Omega Bio-tec, GA, USA), quan-
titated by gPCR using KAPA Library Quantification Kit (Roche, Kapa Biosystems, Inc., MA, USA) and validated using Agilent High
Sensitivity DNA Kit on a Bioanalyzer (Agilent Technologies, CA, USA). The size range of the DNA fragments were measured to be
in the range of app. 200-450 bp and peaked around 270 bp.

Libraries were normalized and pooled to 2.4 nM and subject to clustering (by a cBot Cluster Generation System on HiSeq4000
flowcells (lllumina Inc., CA, USA), according to manufacturer’s instructions. The sequencing (75 cycles single end reads) was per-
formed on an lllumina HiSeq4000 instrument, in accordance with the manufacturer’s instructions (lllumina, Inc., CA, USA). FASTQ
files were created with bcl2fastq 2.20.0.422 (lllumina, Inc., CA, USA).

Bioinformatic analysis

RNA-seq analysis

Raw reads were demultiplexed and mapped to the human genome (Ensembl GRCh38.84) using STAR aligner v2.4.0.** Read counts
per gene were calculated with htseg-count*® v0.6.0, with features being counted at the exon level. Normalization and differential
expression were analyzed with limma voom.*® Read counts were filtered to remove genes with less than an average of 1 read per
sample post-normalization. Fold changes > 1 and FDR (false discovery rate) < 0.3 were considered significant.

Functional annotation

Pathway analysis of differentially expressed genes (DEGs) with fold change > 1 and FDR < 0.3 was performed using the functional
annotation tool DAVID (Database for Annotation, Visualization, and Integrated Discovery, v6.8)."” Significance of KEGG_PATHWAY
terms was evaluated by hypergeometric testing (as a function in DAVID), using p values with Benjamini correction for multiple hypoth-
esis testing. Pathways were considered significantly enriched with a Benjamini corrected p value < 0.05.

Heatmap

Log-CPM (copies per million) normalized expression values of DEGs that appeared on the KEGG p53 signaling pathway list were
used as input to the R package ‘pheatmap’ v1.0.12 (R version 3.4.1) to create a heatmap. Log-CPM values were scaled across
rows (genes) to generate Z-scores, which were then used for coloring the heatmap.

Whole cell extracts

LCs were collected and washed twice with ice cold PBS, followed by flash freezing in liquid N2. Whole cell extracts (WCEs) were
obtained similarly as described previously.°® Briefly, cell pellets were resuspended in lysis buffer | (10 mM Tris-HCI pH 7.8,
200 mM KCI, 0.1 mM MG-132, 1 uM PMSF, halt protease and phosphatase inhibitor cocktail (ThermoScientific)); followed by addi-
tion of lysis buffer Il (10 mM Tris-HCI pH 7.8, 600 mM KCI, 2 mM EDTA, 40% glycerol, 0.2% NP-40, 0.1 mM MG-132, 1 uM PMSF,
halt protease and phosphatase inhibitor cocktail); rotated 30 min at 4 °C, sonicated and centrifuged. The supernatants representing
WCESs were collected. hiPSCs WCEs were prepared as described by van Loon and Samson.®" Briefly, hiPSCs were resuspended in
two packed cell volumes (PCV) hypotonic lysis buffer (20 mM HEPES at pH 7.9, 2 mM MgCI2, 0.2 mM EGTA, 10% (v/v) glycerol,
0.1 mM PMSF, 2 mM DTT, complemented with Halt Protease and Phosphatase Inhibitors Cocktail) and incubated 5 min at 4°C, fol-
lowed by three freeze/thaw cycles. NaCl and Nonidet-P40 were added to final concentration 0.5 M and 0.5% (v/v), respectively, and
samples incubated 20 min at 4°C, sonicated and centrifuged. The supernatants were diluted with eight PCV of lysis buffer containing
50 mM NaCl and used for subsequent analysis.

Immunoblot analysis

WCE proteins were separated on 4%—-12% Bis-Tris polyacrylamide gels (Invitrogen) followed by transfer to Amersham Hybond® P
western blotting membranes, PVDF (Sigma). Primary antibodies HUWE1 (A300-486A, Bethyl Laboratories), p53 (MA5-12571, Ther-
moFisher Scientific), p21 (33-7000, ThermoFisher Scientific), Tubulin (T9026, Sigma-Aldrich), B-Actin (A1978, Sigma-Aldrich)) were
detected using infrared (IR) Dye-conjugated secondary antibodies (Li-COR Bioscienecs) and the signal visualized by Odyssey Scan-
ner, LI-COR Biosciences.

Plasmids for the expression of HUWE1 HECT WT and G4310R

Site-directed mutagenesis was performed on pET28a-HECT WT plasmid*® to obtain the plasmid encoding introduce HUWET1
G4310R mutantion by using Phusion® High-Fidelity DNA Polymerase (ThermoFisher Scientific), according to the manufacturer’s
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instructions using HECT_JMS Fw and Rev primer pairs (Table S1). The insertion of the mutation was confirmed by sequencing. PCR
conditions: denaturation 98°C for 2 min; amplification (25 cycles) 98°C for 30 s, 72°C for 1 min, 72°C for 3 min; extension 72°C for
5 min.

Purification of His-tagged-HUWE1 HECT WT and G4310R

Expression of the His-tagged HUWE1 HECT WT and G4310R proteins was carried out in the E. coli strain BL21-CodonPlus (DE)
RP competent cells. Cells were transformed with the respective pET28a-HECT WT or pET28a-HECT G4310R vectors and
grown overnight in LB medium at 37°C. The next day the overnight culture was further incubated in a rotatory shaker at
37°C, until the absorbance at 595 nm reached 0.6. The culture was induced by 0.5 mM IPTG (Sigma) for 3 h at 37°C. Cells
were collected by centrifugation for 40 min at 4000 rpm, 4°C, and washed with cold PBS. Total cell extracts were obtained
by sonication (4 cycles, 20 s ON + 20 s OFF; tubes were put on ice for 1 min between each sonication cycle) of the cells in
Sonication buffer (20 mM Tris HCI pH 8, 500 mM NaCl, 10% Glycerol, 1 mM PMSF, 1X proteases inhibitors). The lysates
were then cleared by centrifugation at 4°C, 18000 rcf., for 15 min, to separate insoluble proteins from the soluble extract. Pro-
tein expression and solubility was analyzed by gel electrophoresis and visualized by Comassie-Blue staining. The proteins were
purified by incubating the lysates for 2 h, at 4°C, with rotation with TALON metal affinity resins pre-equilibrated with Sonication
buffer. After extensive washing, His-tagged-HUWE1 HECT WT and G4310R were eluted in Sonication buffer containing
increasing concentration of imidazole (8 X 1 mL sonication buffer with (1 x 100 mM imidazole; 2 x 200 mM imidazole; 3 x
300 mM imidazole; 1 x 400mM imidazole; 1 x 500 mM imidazole)). The fractions were dialyzed against 20 mM Tris-HCI (pH
8.0), 100 mM NaCl, 20% glycerol, and 1 mM DDT and stored at —80°C until use. Protein purity was assessed by SDS/
PAGE and visualized by Comassie-Blue staining.

In vitro ubiquitination assay

Ubiquitin, E1 ubiquitin-activating enzyme and the UbcH7 E2 ubiquitin-conjugating enzymes (U-Boston Biochem) were pre-mixed
with recombinant p53 (Milipore) and 2,5x ubiquitin buffer (125 mM Tris-HCI pH 7.5, 12,5 mM MgCI2, 5 mM DTT, 5mM ATP). To
this pre-mix, increasing amounts of His-tagged recombinant HECT (WT or G4310R) were added. The in vitro ubiquitination was per-
formed at 30 °C for 90 min, stopped with SDS-PAGE loading dye and separated on a NUPAGE® Novex® 4%-12% Bis-Tris Protein
Gels (Life Technologies) and immunoblotted as described above.

Change of folding free energy upon missense mutation (AAG)
To predict missense mutations’ effect the protein folding stability (AAG) was calculated. The webservers used in this study include
mCSM,%* SDM,?° DUET,?® iMutant2.0,2” and PoPMuSiC.%®

Cell cycle analysis

Cells were fixed with 70% ethanol, stained with propidium iodide (Sigma Aldrich) at a final concentration of 20 pg/mlin PBS with the
addition of 100 ng/ml RNase A (37°C, 30 min in the dark). Flow cytometry analysis was performed with the BD FACS CANTO SYSTEM
(BD Biosciences). Data were analyzed in FlowJo LLC software (USA).

Analysis of apoptosis

The apoptotic WT, JMS1 and JMS2 LCs were identified using Dead Cell Apoptosis Kit (Molecular Probes). WT LCs treated with
250 pM H,0,, for 2 h, at 37 °C served as a positive control. LCs were washed with cold PBS and diluted to 1 x 10° cells/mL in
1X annexin-binding buffer; 100 pL of cell suspension was labeled with Annexin V Alexa Fluor® 488 and Propidium lodide (Sigma),
incubated for 15 min at room temperature and analyzed on a BD FACSAria Il (BD Biosciences). The apoptotic cell fraction was deter-
mined by FlowdJo, LLC software (USA).

Cell proliferation
LCs (1.5 x 10* per well) were seeded in 96 well plates and growth rate monitored by counting every 22h (Countess Il Automated cell
counter, ThermoFisher Scientific).

EB formation for germ layer marker analysis

WT-DYS0100, WT-CRL(S)23 and JMS-cl.1 and cl.2 hiPSCs were dissociated with Accutase (STEMCELL Technologies), neutralized
with DMEM/F12 and pelleted. Next, cells were resuspended with EB Medium (DMEM/F12, 20% Knock-Out Serum Replacement
(KSOR), 1% Glutamax, 1% nonessential amino acids (NEAA)) containing 10 M Rock inhibitor (only for D1). For 1 well of ultra-low
attachment 6-well plate, 400000 cells per ml were seeded. The EBs were incubated on an orbital shaker (71 rpm) at 37°C. Medium
was changed every other day and EBs were collected at D4 for RT-qgPCR analysis of germ layer markers (Table S1).

Neural differentiation

Neural differentiation was performed according to modified protocol.?® WT-DYS0100, WT-CRL(S)23 and JMS-cl.1-2 hiPSC
colonies were pre-incubated with 10 yM ROCK inhibitor (Y-27632, Merck) for 1 h, and dissociated with Accutase (STEMCELL
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Technologies). Cells were re-aggregated (10000 cells per well) in U-bottom ultra-low attachment 96-well plates (Corning) and
cultured in “EB-medium” (DMEM/F12-GLUTAMAX medium, 2% B27 supplement without vitamin A (GIBCO), 1% N2 supplement
(GIBCO), 50 uM 2-mercaptoethanol (2-ME), 5 uM Y-27632 and 100 ng/ml recombinant mouse Noggin (R&D Systems, 1967-NG-
025)). After 2 days half of the culture medium was replaced with “EB-medium” with vitamin A. After 2 additional days free-floating
EBs were transferred on Matrigel (BD Biosciences) coated plates and cultured in neural medium (DMEM/F12-GlutaMAX containing
2% B27 with Vitamin A, 1% N2, 50 uM 2-mercaptoethanol) for 2 days. Terminal differentiation was induced using a NEURO-
BASAL-A medium (ThermoFisher Scientific) with 1% N2, 2% B27 with vitamin A, 1% Glutamax, 1% NEAA and 50 uM 2-Mercap-
toethanol, 200 nM ascorbic acid, 10 ng/ml BDNF (R&D Systems), 10 ng/ml GDNF (R&D Systems) and 1 mM dibutyryl-cAMP
(Sigma), and medium exchanged every 48h. After 6 days of terminal differentiation the neural cells were collected for subsequent
immunostaning or RT-gPCR analysis.

shRNA knockdown

JMS-cl.1 and JMS-cl.2 hiPSCs were transduced with lentiviruses encloding for the non-specific control short-hairpin RNA (shCon-
trol; pLKO.1 puro (Addgene ID: 8453)) or the p53 targeting shRNAs; shP53a (shp53 pLKO.1 puro shRNA (Addgene ID: 19119)%?),
shP53b (shp53 pLKO.1 puro shRNA-427 (Addgene ID: 25636)°°) and shP53c (shp53 pLKO.1 puro shRNA-941(Addgene ID:
25637)°°). 72 h after infection, puromycin selection (1 pg/ml) was started and carried out for 48 h. Stable transduced colonies
were expanded and p53 downregulation assessed by RT-gPCR analysis.

Cerebral organoids

hiPSCs have been differentiated to form cerebellar organoids following protocol described in Lancaster and Knoblich.** Briefly,
healthy control WT-DYS0100 and JMS cl.1 hiPSCs were dissociated and induced to form EBs, which after six days were transferred
in neural induction medium allowing neuroectoderm formation. Neural ectoderm induced EBs were embedded in Matrigel (BD Bio-
sciences, 356234) and, upon outgrowth of neuroepithelaial buds, transferred to spinning bioreactor. 60 days after the initiation of
differentiation cerebral organoids were collected and prepared for cryosectioning.

Immunostaining

WT-DYS0100, WT-CRL(S)23, JMS-cl.1 and JMS-cl.2 neural cells at day 13 (Figures 3G, 4E, and S5), or hiPSCs WT-DYS0100, WT-
CRL(S)23, JMS-cl.1 and JMS-cl.2 (Figure S2) were fixed for 15 min with 4% paraformaldehyde or ice-cold methanol, respectively.
Upon permeabilized at RT with 0.1% Triton-X in 1X PBS for 15 min, samples were incubated with 5% BSA, 5% goat gut serum, 0.1%
Triton-X in 1X PBS for 45 min. Primary antibodies (OCT4 (diluted 1:200, Cell signaling C30A3); SSEA4 (diluted 1:200, Cell signaling
MC813), NESTIN (diluted 1:400, Abcam ab22035), TUJ1 (diluted 1:750, Covance MMS-435P), Ki67 (diluted 1:200, Abcam ab15580)
diluted in 0.5% BSA, 0.5% goat gut serum, 0.1% Tween-20 in 1X PBS (PBS-T), were added to samples and incubated over-night at
4°C. After washing with PBS-T, samples were incubated with fluorophore-conjugated secondary antibody from Invitrogen (Donkey
anti-Mouse, Alexa Fluor 488, Invitrogen, A21202; Goat anti-Rabbit, Alexa Fluor 594, Invitrogen, A11037) diluted 1:400 in 1X PBS-T or
0.5% BSA, 0.5% goat gut serum, 0.1% Tween-20 in 1X PBS at RT for 1 h. Upon washing with PBS-T, cells were stained with DAPI for
10 min at RT and washed 3 times with PBS. The 18-um thick cerebral organoid cryosections were immunostained following previ-
ously described procedure’® and primary and secondary antibodies indicated above. Images of WT and JMS cerebral organoids
were captured with the Zeiss LSM 510 Meta live Confocal system, using ZEN 2009 software, UV laser (405 nm) and Argon laser
(488 nm). The images of cerebral organoids are a compilation of confocal Z stacks comprising of up to 33 optical spices (0.31 um
intervals) into 2D using maximum intensity projection. The images of neural induction experiments were captured with the EVOS
FL Auto Cell Imaging System and are a compilation of 4 to 7 Z stacks comprised of 7.112 um intervals. Images of WT-DYS0100,
WT-CRL(S)23, JMS-cl.1 and JMS-cl.2 hiPSCs (Figure S2) were captured with the EVOS FL Auto Cell Imaging System for stemness
markers analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of gene expression levels
The relative expression levels were determined by normalization of qPCR signals for gene targets to GAPDH or ACTB/(-Actin signal,
as indicated in the figure legends.

Protein level analysis
Signals obtained by immunoblot analysis were quantified using Fiji ImagedJ (National Institutes of Health). Signal of each analyzed
protein target was normalized to tubulin (Figure 2A) or B-actin (Figure S2L), which served as loading controls.

Analysis of immunofluorescence images

To automatically count the number of rosette structures in the DAPI channel, images resulting from immunofluorescence analysis
were preprocessed and analyzed using the Analyze Particles function in Fiji Imaged (National Institutes of Health, v. 1.53c). At least
one well from three or more biologically independent neural induction experiments has been analyzed. Signal intensities of TUJ1

Cell Reports Medicine 2, 100240, April 20, 2021 €6




¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

(Figures 3, S4, and S5) were quantified using the Cells and Surfaces functions in iMaris (Bitplane, v. 8.2.1) in one or more wells per
each neural rosette experiment, as indicated in the figure legends. To quantify signal intensities of OCT4 in stem cells (Figure S2) the
same approach was applied to at least two wells from two biologically independent experiments.

Statistical analysis

To determine significance of observed changes Student t test, one-way or two-way ANOVA were used in Prism 9, as indicated in the
figure legends. p < 0.05 was considered to be significant.
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Figure S1. Expression of p53 target genes in JMS patient cells, Related to Figure 2. (A and B) mRNA
levels of p53 target genes GADD45a (A) and BBC3/PUMA (B) in healthy control, IMS1 and JMS2 LCs, addressed
by RT-qPCR. All error bars indicate mean = SEM (n > 3, biological replicates). Statistic significance determined
by one-way ANOVA with Bonferroni post-test; *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, n.s>0.05.
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Figure S2. Stemness markers and cell cycle progression are unaltered in JMS hiPSCs, Related to
Figure 3. (A-D) Expression of the pluripotency markers SSEA and OCT4 in (A) WT-DYS0100 (B) WT-
CRL(S)23 (C) JMS clone 1 (JMS-cl.1) and (D) JMS-cl.2 hiPSCs by immunofluorescence. (E) Relative intensity
mean of OCT4 signal in WT-DYS0100, WT-CRL(S)23, JMS-cl.1 and JMS-cl.2 hiPSCs (n=2, biological
replicates). (F-G) RT-qPCR analysis of SOX2 and OCT4 expression (n=2, biological replicates). (H)
Representative bright-field images of WT-DYS0100, WT-CRL(S)23, JMS-clone.1 and JMS-clone.2 EBs at day 3
after EB initiation (n=3, biological replicates). (I-K) RT-qPCR analysis of mRNA expression levels of GATA4
(J), FOXCI (K) and NES (L) in WT and JMS EBs (collected at day (D) 0 and 4) (n= 3, biological replicates). (L)
Immunoblot analysis of p53 levels in WT and JMS iPSCs. Protein levels relative to B-actin loading control are
indicated. (M) Cell cycle distribution determined by flow cytometry of WT DYS0100, JMS-cl.1 and cl.2 iPSCs
(n=3, biological replicates). Error bars indicate mean + SEM; statistical significance was calculated using two-way
ANOVA with Bonferroni post-test *p <0.05, **p<0.01, ***p<0.001, ****p <0.0001, n.s>0.05. Scale bar:
400um.
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Figure S3. Cerebral organoids derived from JMS hiPSCs are reduced in size and exhibit altered
cellular organization, Related to Figure 3. (A and B) Representative bright-field images of healthy control (A)
and JMS (B) cerebral organoids at day 4, day 10, day 14 and day 35 of differentiation. Scale bar: 100pum. (C)
Hematoxylin Eosin Saffron (HES) staining of 60 days old healthy and JMS cerebral organoid cryosections. Scale
bar: 100 pm. (D and E) Representative immunofluorescence analysis of NESTIN and Ki67 in 60 days old healthy
control (D) and JMS (E) cerebral organoids. Per batch five organoids were analyzed in healthy and two organoids

in JMS condition (due to developmental failure in JMS). Scale bar: 20 pm.
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Figure S4. Impact of p53 knock-down on neural differentiation of JMS hiPSCs, Related to Figure
4. (A) Relative p5S3 mRNA levels in WT-DYS0100, JMS-cl.1. JMS-cl.1 expressing shRNA Control (shCtrl) or
p53 targeting ShRNA (shP53a and shP53b) (n=3, biological replicates). (B) Relative intensity of TUJ1 signal from
experiments as the one in Figure 4E (n>2, biological replicates). Error bars indicate mean+ SEM; statistical
significance in (A) was calculated using one-way ANOVA with Dunett post-test; *p<0.05, **p<0.01,
**%p <0.001, ****p <(0.0001, n.s >0.05.
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Figure SS5. p53 down-regulation rescues neurodevelopmental defects in XLID JMS, Related to
Figure 4. (A) Relative p53 mRNA levels in WT-DYS0100, WT-CRL(S)23, IMS-cl.2. IMS-cl.2 expressing
shRNA Control (shCtrl) or p53 targeting shRNA (shP53c¢) (n=3, biological replicates). (B) Relative number of
rosettes formed in WT-DYS0100 WT-CRL(S)23, JMS-cl.2 JIMS-cl.2 shCtrl and JMS-cl.2 shP53¢ upon neural
differentiation (n>3, biological replicates). (C-H) RT-qPCR analysis of: NES/NESTIN (C), TUBB3/TUJI (D),
DCX (E) CDKNI1A/p21 (F), GADD450. (G) and BAX (H) upon neural differentiation of WT-DYS0100 WT-
CRL(S)23, IMS-cl.2 JMS-cl.2 shCtrl and JMS-cl.2 shP53c (n=3, biological replicates). (I) Immunofluorescence
analysis of TUJI in WT-DYS0100 WT-CRL(S)23, JMS-cl.2 IMS-cl.2 shCtrl and JMS-cl.2 shP53c at day 13 of
neural differentiation. Error bars indicate mean+ SEM; statistical significance was calculated using one-way
ANOVA with Dunett post-test (A); one-way ANOVA with Tukey post-test (C-H); *p<0.05, **p<0.01,

**%p <0.001, **+**p <0.0001, n.s > 0.05.




SUPPLEMENTAL TABLE

Table S1. Oligonucleotides used in the study, Related to Figure 1, 3, 4, S1, S2, S4 and S5. (see STAR
Method)

Sequence (indicated in 5’-3’ direction) Source Target
GGTACCCCTGCAACGCTTTGCTGC Microsynth HECT_JMS Fw
GCAGCAAAGCGTTGCAGGGGTACC Microsynth HECT_JMS Rev
GCAGGATCCTTCCATTGAGA Microsynth GADD45a Fw
AGCTCCTGCTCTTGGAGACC Microsynth GADD45a Rev
GTAAGGGCAGGAGTCCCAT Microsynth BBC3/PUMA Fw
GACGACCTCAACGCACAGTA Microsynth BBC3/PUMA Rev
TCTTTCCACCAGGCCCCCGGCTC Microsynth OCT4 Fw
TGCGGGCGGACATGGGGAGATCC Microsynth OCT4 Rev
GGCGCACCTCAAGATGTCC Microsynth NES/NESTIN Fw
CTTGGGGTCCTGAAAGCTG Microsynth NES/NESTIN Rev
GCAACTACGTGGGCGACT Microsynth TUBB3/TUJ1 Fw
TCGAGGCACGTACTTGTGAG Microsynth TUBB3/TUJ1 Rev
TCAGGGAGTGCGTTACATTTAC Microsynth DCX Fw
GTTGGGATTGACATTCTTGGTG Microsynth DCX Rev
CATGTTTTCTGACGGCAACTTC Microsynth BAX Fw
AGGGCCTTGAGCACCAGTTT Microsynth BAX Rev
GGCACTCAGAGGAGGCGCCAT Microsynth CDKN1A/p21 Fw
TAGCGCATCACAGTCGCGGC Microsynth CDKN1A/p21 Rev
GTGTCCCAGACGTTCTCAGTC Sigma GATA4 Fw
GGGAGACGCATAGCCTTGT Sigma GATA4 Rev
TGTTCGAGTCACAGAGGATCG Sigma FOXC1 Fw
ACAGTCGTAGACGAAAGCTCC Sigma FOXC1 Rev
GAGTCAACGGATTTGGTCGT Microsynth GAPDH Fw
TTGATTTTGGAGGGATCTCG Microsynth GAPDH Rev
GTTACAGGAAGTCCCTTGCCATCC Microsynth ACTB/b-actin Fw
CACCTCCCCTGTGTGGACTTGGG Microsynth ACTB/b-actin Rev
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