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Abstract

Diamond-Blackfan anemia (DBA) is a rare hematopoietic disease characterized by a block in red
cell differentiation. Most DBA cases are caused by mutations in ribosomal proteins and
characterized by higher than normal activity of the tumor suppressor p53. Higher p53 activity is
thought to contribute to DBA phenotypes by inducing apoptosis during red blood cell
differentiation. Currently, there are few therapies available for DBA patients. We performed a
chemical screen using zebrafish ribosomal small subunit protein 29 (rps29) mutant embryos that
have a p53-dependent anemia and identified calmodulin inhibitors that rescued the phenotype. Our
studies demonstrated that calmodulin inhibitors attenuated p53 protein amount and activity.
Treatment with calmodulin inhibitors led to decreased p53 translation and accumulation but does
not affect p53 stability. An FDA-approved calmodulin inhibitor, trifluoperazine, rescued
hematopoietic phenotypes of DBA models in vivo in zebrafish and mouse models. In addition,
trifluoperazine rescued these phenotypes in human CD34* hematopoietic stem and progenitor
cells. Erythroid differentiation was also improved in CD34™ cells isolated from a patient with
DBA. This work uncovers a potential avenue of therapeutic development for patients with DBA.

One Sentence Summary:

Calmodulin inhibitors rescue erythropoiesis and p53-dependent phenotypes of Diamond-Blackfan
anemia.

Introduction

Diamond-Blackfan anemia (DBA) is a congenital anemia that generally presents in young
children(1). The primary symptom is anemia due to a block in erythroid differentiation.
DBA is also associated with an elevated risk of craniofacial anomalies, short stature, thumb
abnormalities, and an increased cancer predisposition(2). Ribosomal protein S19 (RPS19)
was the first gene found mutated in patients with DBA(3). The sequencing of patient
samples has identified mutations including deletions in 20 small and large subunit ribosomal
proteins, estimated to explain the genetics of approximately 70% of patients with DBA(4, 5).
Patients are heterozygous for these mutations and always maintain a wildtype copy of the
affected ribosomal protein gene. In addition, a mutation in the ribosomal maturation factor
TSR2was described in one family(6). Mutations in erythroid-specific X-linked transcription
factor GATAI have also been identified in a subset of male patients with DBA who do not
have ribosomal protein mutations(7). The genetics of DBA have strongly implicated the
involvement of ribosomal proteins (RPS).

RP knockdown or mutation causes decreased ribosomal subunit assembly and aberrant
processing of 18S or 28s rRNA(8-10). Stunted growth and homozygous lethality are
observed in in vivo models of ribosomal protein mutants, including drosophila minutes(11),
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zebrafish(12), and mouse(13-15). Current evidence suggests that many effects of ribosomal
protein mutations are p53-dependent(16-18). There are several mechanisms by which
ribosomal protein deficiency can lead to p53 activation. Ribosomal protein deficiency leads
to an increase of free ribosomal proteins, a subset of which bind MDM2 (mouse double
minute 2 homolog) and putatively inhibit its p53 ubiquitination activity, leading to increased
p53 protein in the context of ribosomal protein deficiency(19). 7P53translation can also be
specifically upregulated as a result of ribosomal proteins or other factors that bind to
untranslated regions (UTRs) of 7P53 (20, 21). p53 activation has been shown to be a critical
mediator of hematopoietic defects in many DBA models, including human CD34* cells(22),
mouse(16, 23), and zebrafish(24, 25). These studies are consistent with a role for p53
activation in the hematopoietic effects of ribosomal stress.

Standard DBA therapy includes regular blood transfusions and/or steroids(1). Steroids are
thought to work by promoting proliferation of erythroid progenitor cells and are effective in
DBA patient-derived cells and DBA mouse models(26-28). Although patients may undergo
spontaneous remission, patients who remain on treatment have serious side effects such as
iron overload and other complications. Currently, the only known cure for DBA is a
hematopoietic stem cell transplant, which carries its own risks. Studies suggest that
lenalidomide(14, 26), leucine(24, 29, 30), sotatercept(31, 32), and DYRK inhibition(33) may
be useful therapies, and clinical trials with these drugs are completed or ongoing
(lenalidomide — NCT01034592; leucine — NCT01362595; sotatercept —- NCT01464164;
DYRK inhibitors — NCT00443170). We also recently published results from a chemical
screen in DBA patient-derived induced pluripotent stem cells (iPSCs), identifying autophagy
as a therapeutic pathway in DBA(34). We previously characterized zebrafish rps29 mutants
that have hematopoietic and endothelial defects(35). To identify potential therapeutics for
DBA, we performed a chemical screen in 705297~ zebrafish embryos and found several
calmodulin (CaM) inhibitors that rescued the mutant phenotypes. The FDA-approved CaM
inhibitor trifluoperazine (TFP) improved anemia in multiple in vitro and in vivo models of
DBA, including patient-derived CD34* cells, by reducing activation of p53 targets.

Rps29-/- zebrafish embryos show increased p53 mRNA translation

We previously showed that 7ps297~ zebrafish embryos have a defect in arterial specification,
leading to decreased 77k expression in the intersegmental vessels at 24 hours post
fertilization (hpf) and decreased hematopoietic stem cells(35). Primitive erythropoiesis is
also affected, as 705297~ embryos have less hemoglobin. These embryos also have increased
apoptosis, particularly in the head region, and die by five days post fertilization (dpf)(35).
p53 pathways are activated in the 7ps297/~ embryo, and greater amounts of p53 mRNA are
found in monosome and polysome fractions in the mutant (fig. SLA). Consistent with other
models(16, 22-25), p53 mutation rescues all hematopoietic and apoptotic phenotypes(35).
Also consistent with other studies of ribosomal protein mutants(8, 10), 76s29”~ embryos
have a defect in 40S ribosome subunit assembly formation, evidenced by a decrease in the
40S peak of the sedimentation profile, and an overall decrease in ribosome formation, as
evidenced by a decrease in the 80S monosome peak (fig. S1B).
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Chemical screen finds that calmodulin inhibitors rescue rps29~/~ defects in zebrafish

embryos

We performed a screen to identify chemicals that could reverse the endothelial and
morphological defects of the rps29~/~ mutant embryo (fig. S2A), because these readouts
were more readily detectable in a high-throughput assay than the rescue of anemia. 600
bioactive chemicals were screened in duplicate. Rps297'~ embryos were treated starting at
bud stage (10 hpf), scored for rescue of head morphology at 24 hpf, and subsequently fixed
for /n situ hybridization of flkZ and rps29. Embryos without 7ps29 staining (rps297~
mutants) were scored for rescue of f7kI intersegmental vessel staining. Of the 600
compounds, 17 were validated as hits in the f/kZ screen (table S1). One of the compounds
identified in the screen to rescue flkZ expression was W-7, a naphthalenesulfonamide that
inhibits calmodulin (CaM)(36) (Fig. 1A, table S2). We tested other naphthalenesulfonamides
known to inhibit CaM, including A-7 and W-5(37), and they also rescued the vasculature
defect (Fig. 1B, table S2). Several structurally dissimilar CaM inhibitors rescued k1
expression, including CGS-9343B and members of the phenothiazine family such as
trifluoperazine (TFP), as well as calcium channel blockers (Fig. 1B, fig. S2B). Taken
together, the effects of these chemicals establish that multiple inhibitors of CaM improve
flk1 expression in ribosomal protein deficiency. Of the 600 chemicals screened, only A-3
rescued the morphology of the 7ps297/~ mutant head (Fig. 1C, tables S1 and S2) with
genotype validated by PCR. A-3 is a structural derivative of W-7 (fig. S2C) and a known
CaM inhibitor(37). Treatment with A-3 or W-7 from 10 hpf also increased hemoglobin in
the rps29 mutant embryos at 40 hpf (Fig. 1D, fig. S2D, table S2), establishing that
calmodulin inhibition reverses the effects of RP deficiency in vivo in hematopoietic tissues.

We previously showed that defects in the 705297~ embryo are mediated through p53(35, 38)
and irradiation of zebrafish embryos activates p53 similarly to ribosomal protein
deficiency(35), consistent with other studies demonstrating increased synthesis of p53 after
irradiation(20). Irradiation of wildtype embryos at 24 hpf led to decreased cell proliferation
as measured by phospho-H3 staining (Fig. 1E). We selected two structurally different CaM
inhibitors to test: A-3, which was the most effective in the zebrafish model (Fig. 1D), and
TFP, which is an FDA-approved antipsychotic. Both mitigated the decrease in proliferation
induced by gamma-irradiation (Fig. 1E, fig. S2E, table S2). In zebrafish embryos treated
with TFP or A-3, mRNA of p53 target genes p21, p53, and mdmZ2was also decreased post-
irradiation (Fig. 1F, fig. S3A). These data demonstrate that calmodulin inhibition attenuates
p53 activity in the zebrafish embryo.

Calmodulin inhibitors decrease p53 activity in human cell models of DBA

We next validated whether calmodulin inhibitors also worked in human cell models of DBA.
We first tested them in the A549 human cell line, which has wildtype p53, in which we
transduced an shRNA for RPS19or an shRNA for luciferase (Luc) as a control (Fig. 2A). As
expected, RPS19 knockdown caused an increase in p53 protein. Treatment with A-3 or TFP
modestly reduced the RPS19-induced increase of p53 protein compared to DMSO treatment
and decreased p21 protein to the amount in control cells (Fig. 2A). RPS19knockdown
increased the expression of multiple p53 target genes by 5- to 15-fold, but it did not alter the
expression of p53 itself (Fig. 2B). A-3 or TFP treatment reduced the expression of these

Sci Transl Med. Author manuscript; available in PMC 2021 April 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Taylor et al.

Page 5

target genes compared to DMSO treatment (Fig. 2B). Taken together, these data indicate that
CaM inhibitors from two different classes reduce the activity of p53 in a RPS19-deficient
cell line model. The remainder of the studies focused on only one drug candidate, TFP,
because it is an FDA-approved drug with a favorable safety profile and over 60 years of use
in patients(39).

To determine whether calmodulin inhibitors also worked in human blood cells, we isolated
CD34" cells from cord blood. In CD34* cells, TFP dose-dependently reduced the expression
of p21 (Fig. 2C), demonstrating that TFP can modulate p53 activity in the primary human in
vitro DBA model. In the RPS19shRNA CD34* cells, TFP treatment restored the amount of
p53 protein to that of Luc ShRNA control within one hour of treatment (Fig. 2D). Treatment
with the calcium chelator BAPTA also restored the amount of p53 protein in RPS19shRNA
cells to the amount observed in Luc shRNA control within one hour of treatment (fig. S3B).

Effects of TFP on translation result in decreased p53 accumulation

To investigate the mechanism by which TFP reduces p53 protein in the presence of RPS19-
deficiency, we examined stability and accumulation of p53 using cycloheximide (CHX) and
MG132, respectively. CD34" cells transduced with £PS19shRNA were pretreated with TFP
or DMSO for 30 min and then treated with CHX for increasing amounts of time. Treatment
with cycloheximide led to decreased p53 protein within 15 minutes, but Western blot
analysis showed no difference in p53 protein stability in TFP- compared to DMSO-treated
cells (Fig. 2E). This result suggested that TFP was not inducing p53 degradation or
modulating the RP-MDM2-P53 axis. To investigate the effect of TFP on p53 accumulation,
CD34" cells transduced with RPS19shRNA were pretreated with TFP or DMSO for 30 min
and then treated with the proteasome inhibitor MG132 for increasing amounts of time. TFP
reduced the accumulation of p53 compared to DMSO treatment (Fig. 2F). These data, in
combination with the finding that TFP does not affect steady-state 7P53 mRNA (Fig. 2B),
demonstrate that TFP reduces the RP deficiency-induced synthesis of p53.

We next wanted to determine whether TFP affected p53 accumulation in other modes of p53
activation beyond RP deficiency. We hypothesized that TFP would also reduce p53
accumulation after gamma irradiation. To test this, CD34" cells were irradiated with 10 Gy
and treated with TFP for 1 hour before treatment with MG132 for increasing amounts of
time. Similar to the effect observed in RPS19-deficient cells, TFP treatment also reduced
p53 accumulation after irradiation (fig. S3C). The effect of TFP on p53 accumulation rather
than stability suggests that TFP is acting at the level of translational regulation of p53.

The 5’ and 3° UTRs of p53 were reported to play a role in its translational regulation(20,
21). Using a luciferase reporter construct with the luciferase gene flanked by p53 5’ and 3’
UTRs(20) (Fig. 3A), we observed that transduction of RPS19 shRNA or treatment with
doxorubicin (positive control(40)) were both sufficient to increase luciferase signal,
demonstrating that RP deficiency is sufficient for p53 induction via p53 UTRs (Fig. 3B). To
determine if the p53 UTRs are sufficient for inhibition of p53 accumulation by TFP, cells
were transduced with the ShRNA for RPS19, sorted for GFP+ (marking successfully
transduced cells), transfected with the UTR construct, and treated with DMSO or TFP.
RPS19-knockdown cells treated with TFP had significantly lower luciferase signal
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compared to control-treated cells (p value < 0.001) (Fig. 3C). These data indicate that TFP
reduces the translation of 7P53 mRNA via the UTRs and independent of the coding
sequence of 7P53mRNA.

To determine how TFP might be affecting the translation of 753 mRNA, we performed
RNA Affinity Purification (RAP) to identify proteins differentially bound to 7253 mRNA in
the presence or absence of drug. Cells were irradiated at 10 Gy, then treated with DMSO or
TFP for 2 hours, crosslinked, and subjected to pulldown with biotinylated DNA oligos
specific to 7P53 or LacZ (negative control) mMRNAs. Recruited proteins were analyzed by
mass spectrometry (data file S1), with the 125 proteins bound to 7P53 mRNA over control
pulldown highlighted in data file S1 and graphed in Fig. 3D. Of the 14 ribosomal proteins
and elongation factors bound to 7”53 mRNA (red dots in Fig. 3D), 9 were bound less in the
presence of TFP, consistent with decreased translation of 7253 mRNA. In addition, annexins
Al, A2, and A3 were all bound to p53at lower amounts upon drug treatment (data file S1),
consistent with literature suggesting a calcium-dependent association between the translation
of 7P53mRNA and annexin A2(41).

We next generated polysome profiles of human CD34* cells with or without TFP treatment
to determine whether the effects of TFP were specific to p53 or more general translation
effects, as has been suggested in other work demonstrating inhibition of translational activity
by TFP(42). We transduced cells with RPS19shRNA and treated with DMSO or TFP for 24
hours before assessing polysome profiles. Treatment with TFP caused a decrease in
absorbance across the sedimentation fractions (Fig. 3E), consistent with a previously
published report showing a similar effect upon calcium depletion(43). A decrease in
absorbance across sedimentation fractions was also observed upon TFP treatment in
irradiated and un-irradiated zebrafish embryos (fig. S4A). When assessing the amount of
individual mRNAs in the polysome fractions, 7P53 mRNA was decreased in the presence of
TFP, as were B2M, B-actin, GAPDH, and EEF1AI (Fig. 3F, fig. S4B). These data
demonstrate that TFP treatment affects overall translation, and this is sufficient to decrease
translation of 7P53and decrease 7P53transcriptional activity.

TFP improves anemia in both DBA mouse model and primary samples from patients with

DBA

To determine if TFP could be a viable treatment for patients with DBA, we assessed the
effect of TFP on erythropoiesis in a mouse model of DBA. We used a transgenic mouse
model where the amount of Rps19is controlled in the hematopoietic system using
conditional expression of short hairpin RNA targeting Rps19, because the erythroid
phenotype is reliable and comparable to what is observed in patients(23). Wildtype mice
were irradiated and transplanted with bone marrow from mice harboring a knock-in allele
that expresses a doxycycline-inducible Rps19shRNA(23). Following engraftment of the
transplanted cells, mice were administered doxycycline in drinking water and received an
intraperitoneal (IP) injection of 5 mg/kg TFP every other day (Fig. 4A). After two weeks,
blood was analyzed for red blood cell (RBC) counts and hemoglobin, and bone marrow was
collected for gPCR analysis. In vehicle-treated mice, knockdown of Rps19caused anemia
and an induction of p53 target genes in hematopoietic tissues. Bone marrow collected from
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TFP-treated animals was assessed for reduction in p27 mRNA expression but there was no
statistically significant difference due to one sample with high p21 expression (Fig. 4B).
Both red blood cell counts and hemoglobin measures were significantly increased by TFP
treatment in the presence of RPS19 knockdown (p = 0.0023 for red blood cells and 0.0022
for hemoglobin) (Fig. 4C, D). TFP showed no toxicity when the Rps19 knockdown was
induced (fig. S5). In particular, mouse weight, which was decreased by doxycycline
treatment and Rps19 knockdown, was restored to WT numbers, indicating that TFP-treated
mice with Rps19 knockdown were healthier than vehicle-treated mice (fig. S5F). Notably,
treatment with TFP in this model achieved therapeutic effects similar to those seen with
dietary leucine treatment and dexamethasone treatment(27, 44).

To assess the effectiveness of TFP on the erythroid differentiation block in a human model
of DBA, we used two-phase in vitro erythroid differentiation culture systems with primary
human hematopoietic progenitors. We transduced cord blood-derived CD34* progenitors
with shRNAs for RPS19or Luc during the expansion phase. After selecting for cells
containing the shRNAs, the cells were placed in erythroid differentiation medium and
cultured with TFP or DMSO. As expected, RPS19 knockdown decreased the percentage of
transferrin receptor (CD71)-positive cells, demonstrating a block in differentiation (Fig. 4E).
Treatment with TFP significantly increased the percentage of CD71* cells to the amount
observed in Luc shRNA control cells (p = 0.0066) (Fig. 4E).

Finally, we tested primary bone marrow CD34" cells from a patient with DBA (UPN
NCI-131) with an RPS19R94X mutation (Fig. 4F). This patient’s cells produced fewer
CD71+ and fewer GlyA+ cells than healthy CD34+ cells (Fig. 4G). Treatment with TFP led
to improved erythroid differentiation compared to DMSO, with the percentage of CD71+
cells increasing to normal quantities, and of the percentage of GlyA+ cells doubling (Fig.
4G). DBA cells typically exhibit a differentiation block at the BFU-E (erythroid burst-
forming unit) stage(26), and treatment with TFP improved the erythroid output of the cells,
as measured by an increased percentages of CD71* and CD71*GlyA* erythroid progenitors.
These data indicate that TFP improves erythropoiesis in multiple in vivo and in vitro models
of DBA.

Discussion

Current therapies for DBA are suboptimal and ineffective for many patients, leaving a dire
need for the development of new treatment options. Here, we present a chemical screen that
found calmodulin inhibitors to rescue ribosomal protein mutation-mediated phenotypes in a
zebrafish model of DBA. CaM inhibitors improved erythropoiesis and decreased activation
of p53 transcriptional targets in both RP- and irradiation-induced phenotypes, and translated
to human cell models as well. Lastly, we established that the FDA-approved compound TFP
improves the erythroid defect in multiple DBA models and described a mechanism of TFP
that reduces the irradiation- or ribosomal stress-induced accumulation of p53.

The effects of the compounds tested were reproducible across several species and disease
models. Here, our studies spanned zebrafish, mouse, and human cell models and cells from
patients with DBA. We recently published results of a chemical screen in iPS cells from
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patients with DBA (34). Five out of the top 22 hits in the iPS cell screen were modulators of
CaM or calcium, including the naphthalenesulfonamide A-3. Overlap between these screens
performed in two different organismal models of DBA suggests that calcium/CaM are the
compound targets that might best translate to the clinic. In particular, the effect of TFP in the
DBA mouse model was comparable to that of dexamethasone(27), one of the leading DBA
treatments. In addition, CaM inhibitors were also effective when different small subunit
ribosomal proteins were deficient, including rps29in the zebrafish and £PS19in human cell
lines and primary human HSPCs. These data suggest that they would be effective in patients
with DBA and different ribosomal protein mutations.

Current therapies for patients with DBA, including blood transfusions, corticosteroids, and
HSC transplantation, have adverse effects. TFP and other phenothiazines are given to adults
with schizophrenia and are well tolerated(39). One concern with reducing p53 activity in
patients with DBA is that they are already at risk for certain cancers. However, we and
others argue that it is the high amount of p53 in RP-deficient cells that causes cells to
attenuate the p53 pathway, consistent with findings that zebrafish with ribosomal protein
mutations have increased cancer incidence(45, 46). If TFP reduces the superactivation of
p53 that results from the ribosomal protein deficiency, it should also decrease the constant
proliferative inhibition of high p53 and reduce the risk of cells trying to circumvent high p53
activity. TFP has been used since the 1950s, and there is no observed increase in tumor
incidence(47). We observed a decrease of WBC (white blood count) in wildtype mice
treated with TFP, but not in the DBA mice. Decreased WBC has not been described in
patients who take trifluoperazine. However, patients with schizophrenia treated with TFP
and other phenothiazines have experienced other side effects associated with other
antipsychotics(48) that may preclude its use as a therapy in children with DBA. For these
reasons, TFP has entered Phase I/11 clinical trials for adults in remission from DBA
(ClinicalTrials.gov NCT03966053). In addition, we are also interested in identifying TFP
derivatives that improve erythropoiesis in vivo but do not cross the blood-brain barrier.

If CaM inhibition is a successful means of p53 inhibition in DBA, these drugs may be
beneficial to patients with other diseases with aberrant p53 activity. DBA is one of a group
of diseases termed “ribosomopathies”, in which patients exhibit ribosome dysfunction
caused by a mutation in or loss of a ribosomal protein or related gene. Ribosomopathies are
nearly all thought to involve aberrant p53 activity(19), so reducing p53 activity could be
therapeutic in all of these diseases. For example, patients with 5q- myelodysplastic
syndrome (MDS) exhibit haploinsufficient loss of RPS14, which causes aberrant p53
activity and hematopoietic defects by a mechanism similar to that seen in patients with
DBA(22, 49, 50). Patients with Shwachman-Bodian-Diamond syndrome, who have a
mutation in a ribosome biogenesis gene, also exhibit hematopoietic symptoms (51). Patients
with dyskeratosis congenita or Treacher Collins syndrome have mutations in genes involved
in rRNA modification, which also induce p53 activation(52-54). Other bone marrow failure
syndromes, including Fanconi’s anemia, are also thought to result from aberrant p53 activity
(55). A therapy developed to target the p53 pathway could be effective in any
ribosomopathy. Two patients with bone marrow failure have been identified with activating
germline mutations in p53 itself(56). p53 activation is also thought to play a role in
numerous other developmental syndromes, including CHARGE syndrome and p53-
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mediated microencephaly (reviewed in Bowen and Attardi(57). Targeting of the p53
pathway may be beneficial for these syndromes.

We also showed that TFP can inhibit p53 accumulation after irradiation. Activation of p53 is
thought to be the cause of cytotoxicity for radiotherapy and chemotherapy(58, 59), and p53
inhibition by the chemical pifithrin has been explored to minimize the toxicities associated
with cancer treatment(60). Further understanding of how calmodulin inhibition affects the
p53 pathway may prove it a useful therapeutic approach for DBA and other diseases
characterized by aberrant p53 activity.

Materials and Methods

Study design

The goal of this study was to identify therapeutics for DBA using a zebrafish model of the
disease. Compounds were tested in two randomly assigned independent experiments of
twenty embryos each, so approximately ten mutant embryos were scored per chemical,
giving an 80% power with 0.1 Type 1 error rate and 0.53 minimum detectable effect. Screen
scoring and all scoring was performed in a blinded fashion. One of the hit compounds
classes, calmodulin inhibitors, was tested in independent in vitro and in vivo DBA models
including primary patient-derived iPS cells, human CD34* cells, zebrafish, and mouse.
Mechanistic studies were performed in human cell lines and CD34* cells. Drug effects were
always measured relative to vehicle control. Data points were combined from independent
biological replicates, and outliers were not excluded.

Embryo manipulation, screening, and chemical treatment

Fish were maintained under Boston Children’s Hospital Institutional Animal Care and Use
Committee approved laboratory conditions. Studies were performed on AB wildtype strains
and //2903, an insertional mutant in the first intron of ribosomal protein s29 (rps29)(12).
Gamma irradiation was performed on 24 hpf AB embryos, at one dose of 10 Gy. For the
chemical treatments of AB wildtype fish, embryos were treated at 50% epiboly (5.25 hpf)
before irradiation at 24 hpf. For all other chemical treatments, rps29*/~ fish were incrossed,
and embryos were collected for treatment at bud stage (10 hpf). Embryos were treated from
bud to 24 or 48 hpf with compounds of known bioactivity. For screening, chemicals from
two libraries were tested at 1:300 dilutions (in E3) from library stock: BIOMOL 480 (Enzo
Life Sciences) and Sigma Lopac1280 (Sigma-Aldrich). The following chemicals were
diluted in DMSO or water and tested in doses from 5-50 pg/mL: A-3 (Enzo Life Sciences),
W-7 (Tocris Bioscience), A-5 (Tocris Bioscience), W-5 (Enzo Life Sciences), CGS-9343B
(Tocris Bioscience), and TFP (Enzo Life Sciences). Nimodipine (Cayman Chemical) was
diluted in DMSO and tested in doses from 1.7 to 17 ug/mL. YS-035 (Sigma-Aldrich) was
diluted in water and used in doses from 0.8 to 8 pug/mL.

In situ hybridization, phospho-H3, and benzidine staining

Whole-mount /n situ hybridization was performed as described(61). Antisense probes were
synthesized from digested plasmid. F/kZ staining was counted as rescued if most of the
intersegmental vessels had f/kZ expression by ISH. Head morphology was counted as
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rescued if the mutant embryos could no longer be distinguished from wildtype embryos at
24 hpf. Benzidine staining was performed as previously described(62). Phospho-H3
antibody was used to identify proliferating cells as previously described(63).

Cell culture conditions and drug treatment

All cells were maintained at 37°C and 5% CO»,. A549 cells (American Type Culture
Collection) were cultured in F-12K medium (Gibco ThermoFisher) supplemented with 10%
fetal calf serum (Gemini Bio) and 1% penicillin/streptomycin (Gibco ThermoFisher). Unless
otherwise noted, drugs were added one day post-infection (described below), and medium
with or without drug was changed daily for the course of the experiment. After 2-5 days of
drug treatment, cells were trypsinized and collected for mRNA expression analysis or
Western blotting.

293T cells (used for luciferase reporter assays, American Type Culture Collection) were
cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco ThermoFisher)
supplemented with 10% fetal calf serum and 1% penicillin/streptomycin. Cells were
transfected with p53 UTR construct(41) and pRL-TK (Renilla luciferase reporter) using
TransIT (MirusBio) following manufacturer’s instructions.

MCEF-7 cells (used for RNA affinity purification, American Type Culture Collection) were
cultured in Eagle’s Minimal Essential Medium (EMEM, Gibco ThermoFisher)
supplemented with 10% fetal calf serum and 1% penicillin/streptomycin. Cells were
irradiated at 10 Gy, treated with 10 uM TFP or DMSO, and collected 2 hours after treatment
for RNA affinity purification.

Culture of CD34+ cells

CD34* hematopoietic stem and progenitor cells (HSPCs) were purified from human
umbilical cord blood and maintained in liquid culture. Two methods of culturing were used
in this study:

1) Cells were cultured in medium supportive of erythroid differentiation [serum-free
expansion medium (StemCell Technologies), 100 U/mL penicillin/streptomycin, 2 mM
glutamine, 10 g/mL lipids (Sigma-Aldrich), 100 ng/mL stem cell factor (SCF), 10 ng/mL
interleukin-3 (IL-3), and 0.5 U/mL erythropoietin (EPO)]. On day 7 of liquid culture, the
concentration of EPO was increased to 3 U/mL. In experiments evaluating differentiation, 15
ng/mL granulocyte colony-stimulating factor (G-CSF) (Neupogen; Amgen) and 40 ng/mL
FLT3 ligand were added to support myeloid differentiation as well. Cells were allowed to
expand for 4 days prior to infection. After infection (see below), drug or vehicle was added
to the medium. Cells were harvested for flow cytometric and/or gene expression analysis
after 10 days of liquid culture.

2) For most experiments, CD34+ cell culture conditions were performed as described(34).

Lentiviral vectors and infection

Previously characterized lentiviral ShRNAs in the pLKO.1 vector were obtained from the
Broad Institute of Harvard and MIT(22). Lentivirus was produced in 293TL cells as
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described previously(64) and infected in the presence of 8 pg/mL polybrene (Sigma-
Aldrich). Cells were selected 24 hours after infection in one of two ways, depending on the
selection marker on the plasmid:

1. 2 ug/mL puromycin (Sigma-Aldrich) for at least 48 hours prior to analysis

2. FACS (fluorescence-activated cell sorting) for GFP-positive cells as described in
Doulatov et al.(34)

Polysome profiles

CD34* cells were infected with RPS19 shRNA, sorted for GFP+ cells that were successfully
transduced, and treated overnight with DMSO or 10 uM TFP. Equal numbers of cells (10
million) for each condition were then prepared for polysome fractionation as previously
described(65). RNA was isolated and prepared for quantitative PCR as described below.

24 hpf wildtype (AB), rps29*/* and rps*/~, embryos and rps29~/~ embryos were prepared for
polysome fractionation by dechorionation, treatment with 200 pg/mL cycloheximide for 10
min, removal of fish water, and freezing the embryos at —80C. Embryos at 50% epiboly
were treated with DMSO or 50 uM TFP before 10 Gy irradiation at 24 hpf and subsequently
collected for polysome fractionation at 25 hpf by dechorionation, treatment with 100 ug/mL
cycloheximide for 10 min, removal of fish water, and freezing embryos at —80C.

Embryos were thawed and lysed at 4C in polysome lysis buffer [L0 mM Tris-HCI pH 7.4, 5
mM MgCl,, 100 mM KCI, 1% Triton X-100, 2 mM DTT, 200 pug/mL cycloheximide,
cOmplete EDTA-free protease inhibitor cocktail (Roche), and 500 U/mL RNasin Plus
(Promega)] by gentle trituration through a 26G needle and incubation on ice for 30 min. The
lysate was cleared of intact cells, nuclei, and mitochondria by centrifugation at 10,000g for
10 min at 4C. The supernatant was carefully layered onto an 11 mL 10-50% linear sucrose
gradient made in 20 mM HEPES pH 7.4, 5 mM MgCl5,, 100 mM KCI, 2 mM DTT, and 100
pg/mL cycloheximide. Lysates were ultracentrifuged at 35,000 RPM using a SW-41 Ti rotor
at 4C for 2.5 hr. Gradients were analyzed and collected using a BioComp Poston Gradient
Fractionator connected to a UV detector to monitor absorbance at 254 nm. Polysome
profiles were normalized to the small ribosomal subunit.

RNA Affinity Purification (RAP)

Chemically treated and irradiated MCF-7 cells were subjected to RNA affinity purification
(RAP) as previously described(66). After 2 hours of TFP or DMSO treatment (as negative
control), cells were washed with PBS, trypsinized, and harvested into Falcon tubes.
Approximately 40 15-cm plates were used for each treatment. Then cells were suspended
into 35 ml cold PBS, crosslinked by addition of 8 ml 16% formaldehyde (final
concentration, 3%), and kept in rotation for 30 minutes at room temperature. Excessive
formaldehyde was quenched by addition of glycine to a final concentration of 0.25 M and
incubation for 5 minutes at room temperature with shaking. Next, cells were centrifuged,
washed twice with cold PBS, and cell pellets were flash frozen in liquid nitrogen and kept at
—80°C before RAP. Cell pellets were lysed in lysis buffer containing 50 mM Tris-Cl pH 7.0,
10 mM EDTA, 1% SDS, 20 ul/ml RNaseOUT (Invitrogen), 2 mM PMSF, 2 mM benzamide,

Sci Transl Med. Author manuscript; available in PMC 2021 April 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Taylor et al.

Mice

Page 12

and 1x protease inhibitor cocktail (Roche). Lysates were passed through G20 and G26
syringe needles to dissociate cell aggregates, then sonicated for 5 cycles (30 seconds on, 30
seconds off). Sonicated lysates were centrifuged for 10 minutes at 4°C and 16000g, and
cleared supernatants were collected for RAP. 3 ml of cleared lysates from each DMSO- or
TFP-treated group were aliquoted into two 15-ml Falcon tubes (for LacZ and p53 probes)
each containing 6 ml (2X) hybridization buffer [750 mM NaCl, 1% SDS, 50 mM Tris-Cl pH
7.0, 1 mM EDTA, 15% formamide, 20 pl/ml RNaseOUT (Invitrogen), 2 mM PMSF, 2 mM
benzamide, and 1x protease inhibitor cocktail (Roche)]. 100 ul of pooled LacZ- or 5’-UTRL
p53-specific probes were added to each Falcon tube (final concentration, 10 uM) and
incubated in rotation at 37°C overnight. The following probes were used for RAP: p53
(GTGGCTCTAGACTTTTGAGA/3BIoTEG/ and AATCCAGGGAAGCGTGTCAC/
3BioTEG/); LacZ (CCAGTGAATCCGTAATCA/3BIoTEG/,
ATTAAGTTGGGTAACGCCAG/3BIioTEG/, AATAATTCGCGTCTGGCCTT/3BioTEG/,
and ATCTTCCAGATAACTGCCGT/3BIioTEG/). Next, biotinylated DNA probes in
complex with ribonucleoproteins were pooled down using streptavidin magnetic beads
(Dynabeads MyOne Streptavidin C1; Invitrogen) and the beads were washed 5 times at
room temperature with RAP wash buffer [2X SSC, 0.5% SDS, 2 mM PMSF, 2 mM
benzamide, and 1x protease inhibitor cocktail (Roche)]. After the final wash, beads were
incubated with protein loading buffer for 1 hour at 65°C for reverse-crosslinking, and then
protein complexes were separated on Tris-Glycine polyacrylamide gels before mass
spectrometry.

Mice expressing inducible Rps19shRNA have been described previously(44). Wildtype
C57BLI/6 recipient mice were irradiated with 900 cGy and transplanted with 2x106
unfractionated bone marrow cells isolated from donor mice harboring two copies each of the
Rps19inducible hairpin construct and the doxycycline-responsive M2-rtTA element. Cells
were allowed to engraft for 7 weeks prior to treatment. Beginning on day 1 of each
experiment, mice were given doxycycline (2 mg/mL in drinking water, with 10 mg/mL
sucrose) to induce the Rps19-deficiency phenotype. Starting on day 2, TFP (5 mg/kg) or
saline vehicle was injected intraperitoneally every other day for two weeks. On day 15,
peripheral blood was collected and analyzed for red blood cell counts and hemoglobin, and
bone marrow was harvested for RNA isolation and qPCR analysis.

Quantitative PCR

Irradiated zebrafish embryos were collected and homogenized in Trizol (Invitrogen
ThermoFisher) before RNA isolation and DNase treatment with the Direct-zol RNA
miniprep kit (Zymo Research). cDNA was synthesized with equal amounts of RNA using
SuperScript I First-Strand Synthesis (Invitrogen ThermoFisher) per manufacturer’s
instructions. Real-time PCR was performed with SsoFast Evagreen Supermix (Biorad), and
the delta-delta-Ct method was used for quantification, with normalization to GAPDH.

RNA was isolated from cells using the RNeasy kit according to manufacturer instructions
(Qiagen). cDNA was synthesized with equal amounts of RNA using iScript cDNA synthesis
kit (Biorad). Real-time PCR was performed with SsoFast Evagreen Supermix (Biorad), and
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gene expression was calculated relative to GAPDH according to methods previously
described(67, 68).

For gPCR from polysome fractions, RNA was isolated using Trizol LS (Invitrogen
ThermoFisher) following manufacturer’s instructions. RNA was treated with DNAse using
the Turbo DNA-free kit (Invitrogen ThermoFisher). cDNA was synthesized with equal
amounts of RNA using SuperScript Il First-Strand Synthesis (Invitrogen ThermoFisher).
Quantitative PCR was performed using PowerSYBR Green PCR mastermix (Applied
Biosystems ThermoFisher). The delta-Ct method was used for quantification, with
normalization to a pool of polysome fractions.

Western blots

Equal concentrations of protein lysates were run on 4-20% gradient gels (Invitrogen) and
transferred using the iBlot Dry Blotting System (Invitrogen ThermoFisher) following
manufacturer’s instructions. The following antibodies were used for Westerns: p53 — mouse
monoclonal antibody DO-1 (Cell Signaling Technology), p21 — rabbit polyclonal
monoclonal antibody 12D1 (Cell Signaling Technology), GAPDH - rabbit polyclonal
antibody 14C10 (Cell Signaling Technology), RPS19 - rabbit monoclonal antibody
EPR10423 (Abcam), and p-actin (C4) mouse monoclonal antibody (Santa Cruz
Biotechnology).

Flow cytometry

Statistics

For flow cytometry measuring cell surface markers, differentiated CD34" cells were
incubated for 30 minutes with PE-Cy5-conjugated anti-CD71 (BD Biosciences
PharMingen). For flow cytometry in DBA patient-derived CD34* cells, we followed the
protocols described in Doulatov et al.(58). For Annexin V/7-AAD staining, PE Annexin V
Apoptosis Kit | (BD Biosciences PharMingen) was used, following manufacturer
instructions.

For each zebrafish embryo experiment, p value is taken from binomial distribution
calculations. All other p values were calculated using the Student’s T Test. * p<0.05, **
p<0.01, *** p<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Calmodulin inhibitors rescue rp529_/_ defects and irradiation-induced phenotypes in
zebrafish embryos.

A. Embryos from an rps29''~ incross were treated with DMSO (vehicle) or W-7 at 10 hpf
and collected at 24 hpf for /n situ hybridization of k1. Arrowheads denote intersegmental
vessels. Scale bar = 100 pm.

B. Rps297'~ embryos were treated with A-7, W-5, TFP, or CGS 9343B at 10 hpf and
collected at 24 hpf for /n situhybridization of /. Scale bar = 100 um.

C. Embryos from an 7ps29~ incross were treated with DMSO or A-3 at 10 hpf and imaged
at 24 hpf. Arrowheads denote cell death in the head of the developing embryo, which looks
dark and cloudy. Scale bar = 100 pm.

D. Embryos from an rps29/~ incross were treated with DMSO, A-3, or W-7 at 10 hpf and
collected at 40 hpf for benzidine (o-dianisidine) staining of hemoglobinized cells.
Arrowheads denote location of hemoglobin-positive cells (or lack thereof) around the yolk
sac of the embryo. Scale bar = 100 pm.
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E. Wildtype embryos were treated with DMSO, A-3, or TFP at 50% epiboly (5.25 hpf),
irradiated at 10 Gy at 24 hpf, and collected for phospho-H3 staining at 25.5 hpf. Arrowheads
denote phospho-H3 positive cells. Scale bar = 100 pm.

F. Wildtype embryos were treated with DMSO or TFP at 50% epiboly (5.25 hpf), irradiated
at 10 Gy at 24 hpf, and collected for RNA isolation and qPCR at 25.5 hpf. *Student’s t-test -
p <0.01, *** p < 0.001.

Sci Transl Med. Author manuscript; available in PMC 2021 April 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Taylor et al.

Page 21

A Luc shRNA  RPS19 shRNA

N
o

Il DMSO

=

B-actin

Fold change of RPS19 over LUC
N
o

0
TP53  p21 Gadd45a Noxa MDM2

RPS19 mRNA Expression

GAPDH

C D Luc RPS19
Bl Luc shRNA shRNA shRNA

20+ WE RPS19 shRNA
*

TFP(h) - 1 24 - 1 24

I
1.5 p53

RPS19

GAPDH

Mormalized p27 mRNA Expression
2

0 1 10
TFP (uM)
E RPS19 shRNA F RPS19 ShRNA
DMSO TEP DMSO TFP
CHX(min) 0 15 30 60 90 0 15 30 60 90 M3-132(h) O 051 152 0 051 15 2

p53

p53

GAPDH

p53 accumulation

E 1.5 I

g g - DMSO

o o - TFP

B 1.0 )

s ]

> |l A

-

£ 05 £

s 2

:

0 0.0 T T T T 1 o o+ T T 1
0 20 40 60 80 100 0 50 100 150

Time (min) Time (min)

Fig. 2. TFP dose-dependently reduces p53 in RPS19-deficient human cells and primary human
hematopoietic progenitors.

A. p53 and p21 protein, as measured by Western blot, in A549 cells with ShRNA targeting
luciferase or RPS19and treated with DMSO, 50 uM A-3, or 20 uM TFP.

B. gPCR measuring expression of 7P53, P21, GADD45A, NOXA, or MDMZin A549 cells
with shRNA targeting luciferase or RPS19and treated with DMSO, A-3, or TFP. Student t-
test, *p < 0.05 compared to DMSO control.

(C-D) CD34* cells were transduced with RPS19or control shRNA and selected for
successfully transduced GFP+ cells.
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C. gPCR measuring p21 mRNA in CD34" cells treated with increasing doses of TFP.
Student t-test, *p < 0.05.

D. Western blot measuring RPS19 and p53 proteins in CD34™ cells treated for increasing
lengths of time with 10 uM TFP.

(E-F) CD34" cells were infected with RPS19shRNA and selected for GFP+ successfully
transduced cells by FACS. Western blots of p53 and GAPDH were quantified by
densitometry.

E. Cells were pre-treated with TFP for 15-30 minutes before treatment with 10 uM CHX for
increasing lengths of time before lysates were collected for TP53 and GAPDH protein
quantification.

F. Cells were pre-treated with TFP for 2 hours before treatment with 20 uM MG-132 for
increasing lengths of time before lysates were collected for TP53 and GAPDH protein
quantification. Two-way ANOVA, *p < 0.05.
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Fig. 3. TFP inhibition of translation is sufficient to decrease translation of p53.
A. Schematic of construct with 7253 UTRs and luciferase(20).

B. 293T cells were transduced with RPS19 shRNA or treated with doxorubicin before
transfection with 7P53 UTR luciferase construct and control Renilla luciferase construct. Y-
axis shows relative luminescence units, representing the ratio of firefly luciferase (p53 UTR
construct) to Renilla luciferase (control). Student t-test, *p < 0.05, **p <0.01.

C. 293T cells were transduced with £KPS19shRNA or control, treated with DMSO or TFP,
and transfected with 7P53 UTR luciferase construct and control Renilla luciferase construct.
Y-axis shows relative luminescence units, representing the ratio of firefly luciferase ( 7P53
UTR construct) to Renilla luciferase (control). Student t-test, ***p < 0.001.

D. RNA Affinity Purification (RAP) identified proteins bound to 7P53 mRNA in the
presence or absence of TFP. Axes show the square roots of summed peptide counts from
mass spectrometry. Each dot represents a protein observed bound to 7253 mRNA more than
control mRNA.

E. CD34" cells were transduced with shRNA against £PS19, sorted for successfully
transduced GFP+ cells, and treated with DMSO or 10 uM TFP for 24 hours. Polysome
profiles were generated, with the y-axis representing absorbance. Black line is the profile for
DMSO-treated cells, red line is the profile for TFP-treated cells.

F. RNA was isolated from monosome and polysome fractions of treated cells, and 7P53,
B2ZM, and ACTB mRNAs were measured by gPCR. Relative mRNA quantity represents Ct
values normalized to each sample’s pool of all polysome fractions. Student’s t-test, *p <
0.05, *** p < 0.001.
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Fig. 4. TFP improves erythropoiesis in a DBA mouse model and primary cells from a patient
with DBA.
A. Schematic of mouse transplantation and drug treatment. Unfractionated bone marrow

from inducible Rps19shRNA donor mice was transplanted into irradiated wildtype
recipients. After engraftment, hairpin expression was induced with doxycycline and mice
were treated with TFP or vehicle for two weeks.

B. RNA was isolated from bone marrow collected from recipient mice after two weeks of
treatment.

(C-D) Peripheral blood samples from recipient mice were analyzed using a Hemavet
hematology system for red blood cell counts (C) and hemoglobin (D). Student t-test, **p <
0.01.

E. CD34" cells were expanded for four days prior to infection with shRNAs targeting
luciferase or RPS19. Infected cells were selected with puromycin beginning on day 5, and
drug was added to the medium beginning on day 7. Cells were processed for flow cytometry
on day 10. Percentage of CD71" cells, as measured by flow cytometry, in CD34+ cells
treated with increasing doses of TFP. Two-way ANOVA, *p < 0.05.

F. Schematic of CD34* HSPC differentiation. CD34" cells were expanded for 4 days prior to
addition of DMSO or TFP for 5 days.
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G. CD34* cells isolated from a DBA patient were expanded for four days prior to treatment
with DMSO or TFP. Percentages of CD71* and GLYA? cells, as measured by flow
cytometry, in treated cells. Left = healthy bone marrow, right = bone marrow from a patient
with DBA, with and without TFP treatment.
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