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ABSTRACT

protein identified amongst the most dysregulated proteins in ery-

throid cells differentiated from induced pluripotent stem cells. Its
nuclear localization and structure indicate it is likely a DNA-binding pro-
tein. Using a combination of ZNF648 overexpression in an induced
pluripotent stem cells line and primary adult erythroid cells, ZNF648
knockdown in primary adult erythroid cells and megakaryocytes, com-
parative proteomics and transcriptomics we show that ZNF648 is
required for both erythroid and megakaryocyte differentiation.
Orthologues of ZNF648 were detected across Mammals, Reptilia,
Actinopterygii, in some Aves, Amphibia and Coelacanthiformes suggest-
ing the gene originated in the common ancestor of Osteichthyes
(Euteleostomi or bony fish). Conservation of the C-terminal ZnF domain
is higher, with some variation in ZnF number but a core of at least six Correspondence:
ZnF conserved across all groups, with the N-terminus recognisably sim- )y ey
ilar within but not between major lineages. This suggests the N-terminus o, Fraye@Bristol.ac.uk
of ZNF648 evolves faster than the C-terminus, however this is not due — —
to exon-shuffling as the entire coding region of ZNF648 is within a single _ .
exon. As for other such transcription factors, the N-terminus likely car- HEERIE T 22 2020
ries out regulatory functions, but showed no sequence similarity to any  Accepted: September 15, 2020.
known domains. The greater functional constraint on the ZnF domain Pre-published: October 5, 2020.
suggests ZNF648 binds at least some similar regions of DNA in the dif-
ferent organisms. However, divergence of the N-terminal region may
enable differential expression, allowing adaptation of function in the dif- ~  https://doi.org/10.3324/haematol.2020.256347
ferent organisms.

Human ZNF648 is a novel poly C-terminal C2H2 zinc finger (ZnF)
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The generation of red blood cells i vitro as an alterna-
tive transfusion product is a goal for research groups and
blood services globally. In particular, for patients with
rare blood group phenotypes for who matched donor
blood is difficult to source, and for those requiring regu-
lar transfusions who are at risk of alloimmunisation.
Various types of stem cells have been used for in vitro
erythroid culture systems. Of these, adult peripheral
blood (PB) and umbilical cord blood (CB) CD34" cells
differentiate efficiently along the erythroid pathway
with high rates of enucleation (60-95%).”®* However, the
erythroblasts have restricted expansion potential using
current systems and are thus not a sustainable system,
with repeat collections of stem cells required for succes-
sive cultures. In contrast, embryonic stem cells (ESC)
and induced pluripotent stem cells (iPSC) have the
potential to provide an inexhaustible source of progeni-
tors for the generation of large numbers of erythroid
cells. Of these, iPSC are particularly attractive as they
can be derived from easily accessible adult cells, and
without the associated ethical issues of ESC. However,
iPSC-derived erythroid cells have historically exhibited
terminal differentiation defects and severely impaired
enucleation,”” although more recent advancements in
culture techniques have demonstrated degrees of
improvements."*

We originally sought to identify proteins potentially
involved in the terminal differentiation defect of human
iPSC-derived erythroid cells, comparing the proteome of
erythroid cells differentiated from three iPSC lines, orig-
inating from different cellular origins, with those differ-
entiated from adult PB CD34* cells.”” The most differen-
tially expressed proteins were y-, &- and f-globin, as
expected due to the known differences in the globin
expression profiles of these cells. However, further inter-
rogation of datasets revealed a novel, previously unstud-
ied ZnF protein, ZNF648, amongst the most differential-
ly expressed proteins, >20-fold lower in both early and
late iPSC-derived erythroid cells compared to respective
adult erythroid cells.

Human ZNF648 is a poly C.H. ZnF protein which we
show is essential for both erythroid and megakaryocyte
differentiation. As conservation of protein sequences
across species can indicate functional importance, we
also explored the conservation and profile of ZNF648
through evolution. ZNF648 originated in the common
ancestor of Osteichthyes (Euteleostomi or bony fish).
However, conservation of the C-terminal ZnF domain is
higher, with some variation in ZnF number but a core of
at least six ZnF conserved across all groups, with the N-
terminus recognizably similar within, but not between,
major lineages. However, unlike the evolution of many
C.H. ZnF transcription factors, this is not due to exon-
shuffling, as the entire coding region of ZNF648 is with-
in a single exon. If, as with other transcription factors,
the N-terminal region of ZNF648 contains regulatory
domains, these are potentially novel as no sequence
similarity to any known domains was found. The
greater functional constraint on the ZnF domain sug-
gests ZNF648 binds at least some similar regions of
DNA in the different organisms. However, divergence of
the N-terminal region may enable differential expres-
sion and hence control of gene expression required for
the different environmental conditions of the various
organisms.

Methods

Cell culture and transduction

Adult CD34" cells were isolated from Leukocyte Reduction
System (LRS) cones, with informed consent from all donors, and
used in accordance with the Declaration of Helsinki and
approved by the National Health Service National Research
Ethics Committee (reference number 08/H0102/26) and the
Bristol Research Ethics Committee (reference 12/SW/0199).
Adult CD34" erythroid and megakaryocyte, K562 and HiDEP-1
cultures were performed as described previously.*'*" Lentiviral
transduction for protein overexpression was performed with
pXLG3 construct as described previously."* Knockdown studies
using pLKO.1 short hairpin RNA (shRNA) plasmid
TRCNO0000107710 (ZNF648 shRNA), TRCNO0000107714
(ZNF648 shRNAZ2) or a scrambled control (Scr) shRNA were as
described previously” (all designed by the Broad Institute and
purchased from Open Biosystems, GE Dharmacon, Lafayette,
CO, USA). Dead cell removal was carried out with a dead cell
removal kit (Miltenyi Biotech Ltd).

Megakaryocyte ploidy

DNA content was measured on day 14 cultured cells. Cells
were incubated with anti-CD41 antibody for 30 min at 4°C,
washed, fixed in 75% EtOH, stained with propidium iodide and
measured using the MACSquant VYB Analyser.

Quantitative polymerase chain reaction analysis of
ZNF648 transcript levels

Total RNA from cell pellets was extracted using the RNeasy
Kit according to the manufacturer’s instructions (Qiagen, Hilden,
Germany). RNA quantity and purity were determined using
NanoDrop Lite (NanoDrop Technologies, Wilmington, DE,
USA), and RNA integrity was assessed by determining the RNA
285/18S ratio. RNA (500ng) was reverse-transcribed into cDNA
using Oligo(dt)*® primers (Thermo Scientific, Vilnus, Lithuania)
and SuperScript IV (Invitrogen, Vilnus, Lithuania). The ¢cDNA
products were amplified by quantitative polymerase chain reac-
tion (qPCR) using the SYBR select master mix (Applied
Biosystems, Vilnus, Lithuania). All reactions were carried out in
triplicate. Real-time qPCR (RT-qPCR) was run in QuantStudio™
3 Real-Time PCR System (Applied Biosystems). Primers used to
detect ectopic ZNFé648-GFP: forward 5-GTGGAAAT-
GTCTGGGAAAGC, reverse 5-CAATTTGTGTGCGAGAC-
CAC; primers used to detect endogenous ZNF648: forward 5’-
AGCGTGAGAGACAGAGACACC, reverse 5-GGATAC-
CTGGGAAATGCAGA. Primers for PABPC1: forward 5'-
AGCTGTTCCCAACCCTGTAATC, reverse 5-GGATAGTAT-
GCAGCACGGTTCTG. All primers were synthesized by
Sigma-Aldrich. Results were normalized to PABPC1 levels. The
threshold cycle (Ct) was determined and the relative gene
expression was expressed using the 2-AACt method.

Transcriptomics and proteomics

Transcriptomics using Human Genome U133 Plus 2.0 arrays
and tandem mass tag (TMT) proteomics were performed as
described previously.'>"**

Sequence retrieval and analysis

Annotated ZNF648 (ENSG00000179930) sequences were
retrieved from the Ensembl database,” with BLASTP and
TBLASTN searches used to identify other ZNF648 homologues
from RefSeq” including sequences for which the protein had not
been annotated from the genome. In order to identify more
divergent ZNF648 homologues and trace the evolution of the



family, more sensitive Hidden Markov Model (HMM) searches
were used against a local database of metazoan proteomes using
HMMERS. ExPASY prosite™ was used to find where the C-ter-
minal cluster of C.H. motifs started and separated the N-terminal
region and C-terminal region. All-versus-all BLASTP searches™
were used to determine pairwise percentage identities of both
the N and C terminal regions. These results were visualized
using heatmaps generated in R” with ggplot® and Viridis
(https://github.com/sjmgarnier/viridis).

Phylogenetics

Sequences were aligned with Mafft using the most accurate 1-
INS-i mode.” We inferred a maximum likelihood phylogeny of
ZNF648 (949 aligned sites/1134 positions/42 taxa) using the
best-fitting LG+C60+G+F*” model in IQ-Tree 1.6.10. We used
1,000 ultrafast bootstraps™®' to assess support.

Results

Structure of ZNF648

The gene for human ZNF648 is mapped to chromo-
some 1¢g25.3. It has 2 exons and 1 intron with the entire
open reading frame located in the first half of exon 2. The
gene codes for a protein of 568 amino acids with 10 C.H.
ZnF arranged adjacent to each other at the C-terminus, a
typical architecture for a human ZnF protein. NCBI
BLAST (Basic Local Alignment Search Tool;
hitps://blast.nchi.nlm.nih.gov/) search revealed no homology
of ZNF648 with other human transcription factors.

About 40% of human ZnF superfamily members have
an N-terminal KRAB domain (Kriippel-Associated Box),
which can confer transcriptional repression by recruiting
KAP-1 (reviewed by Emerson and Thomas®). However
homology modeling indicated ZNF648 does not contain
this domain, a BTB/POZ effector® or SCAN domain.*

In considering a role for ZNF648 as a DNA binding pro-
tein, tandemly arranged C.H. ZnF are often connected by
short linker regions which play an important role in con-
ferring high-affinity binding to the DNA.* These linker
regions are made up of seven to eight amino acids, with
the consensus sequence TGEKP identified in 50% of C.H.
ZnF proteins® with variations of this sequence also veri-
fied.**¥ The presence of this region is often used as a pre-
dictor for the DNA binding property of a protein.
Interrogation of the ZNF648 sequence revealed the con-
sensus linker sequence between zinc fingers 2 and 3, with
alternatively recognised motifs between ZnFs 1 and 2, 5
and 6, 6 and 7, 7 and 8 (Online Supplementary Figure S1).
The position of these linkers suggests two potential
DNA-binding clusters, firstly ZnF 1, 2 and 3 and secondly
ZnF 5, 6, 7 and 8. It is therefore predicted that ZNF648
binds to DNA.

Expression profile of ZNF648 during erythropoiesis
Adult PB CD34" cells were cultured in our erythroid
culture system which supports efficient erythroid differ-
entiation, with yields of up to 95% reticulocytes on day
19.% Analysis of ZNF648 transcripts throughout differen-
tiation by qPCR showed a slight upward trend, but levels
did not reach significance at any time point (Figure 1A).
Endogenous ZNF648 protein was below the level of
detection by immunoblot. ZNF648 antibodies (sc-249727;
Santa Cruz and ab170269; Abcam) were therefore vali-
dated by transduction of cells with ZNF648 and ZNF648-
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GFP, with bands of the expected size detected by both
antibodies, but no protein detected in control cells (Online
Supplementary Figure S2).

Overexpression of ZNF648 in K562 cells showed
ZNF648 exclusively localized to the nucleus by both con-
focal microscopy and immunoblot of cell fractions (Figure
1B and C), supporting the hypothesis that ZNF648 is a
DNA-binding protein.

Overexpression of ZNF648 in erythroid cells reduces
proliferation and advances differentiation

In order to begin to explore the role of ZNF648 in ery-
thropoiesis we initially expressed exogenous ZNF648 in
HiDEP-1 cells, an erythroid cell line created by immortal-
ising erythroid cells differentiated from iPSC.* HiDEP-1
cells exhibit many of the same properties as iPSC-
derived erythroid cells, e.g., impaired erythroid differen-
tiation, defective enucleation and fetal/embryonic globin
expression.”*® As with iPSC-derived erythroid cells, the
level of ZNF648 protein is substantially lower (approxi-
mately 20-fold) in HiDEP-1 cells compared to adult ery-
throid cells (Frayne unpublished comparative proteomic
data for HiDEP-1 vs. primary adult erythroid cells;
ZNF648 quantified from 33 peptide spectra matches
[PSMY]).

HiDEP-1 cells were transduced with ZNF648, ZNF648-
GFP or with a green fluorescent protein (GFP) control
construct. Transduction efficiency was over 90%.
Expression was confirmed by immunoblot (Figure 2A),
with the expected size bands for the untagged and GFP-
tagged proteins observed. Quantification from abun-
dance values following TMT labeling of tryptic peptides
and analysis by nano-LC MS/MS gave an approximately
10-fold increase in ZNF648 (from 23 unique peptides and
75 PSM). Confocal analysis of the ZNF648-GFP trans-
duced cells showed exclusive nuclear localisation (Figure
2B), as for the transduced K562 cells. Cells transduced
with ZNF648 and ZNF648-GFP had equivalent viability,
but a reduced proliferation rate (~80% reduction by day
10, P<0.01 for both controls vs. ZNF648 and vs. ZNF848-
GEFP; Figure 2C) and accelerated differentiation; at day 12
significantly fewer polychromatic normoblasts (P<0.001)
and significantly more orthochromatic normoblasts
(P<0.01) compared to controls (Figure 2D). Enucleation
rates were not increased.

We also analyzed the effect of ZNF648 overexpression
on cultured adult erythroid cells. Erythroid cells differen-
tiated from adult PB CD34" cells at day 3 in culture were
transduced with ZNF648-GFP. GFP* cells were isolated
on day 8 and maintained in our erythroid culture system
thereafter. As with HiDEP-1, overexpression of ZNF648
reduced the proliferation rate (e.g., by ~50% on day 15;
Ounline Supplementary Figure S3A), without affecting via-
bility, and advanced the rate of differentiation, with sig-
nificantly fewer basophilic normoblasts (P<0.05) and sig-
nificantly more orthochromatic normoblasts and reticu-
locytes (both P<0.05) on day 13 of culture compared to
controls (Online Supplementary Figure S3B).

However, a major issue with such ectopic expression
studies is the non-physiological levels of ZNF648
achieved. As the expression of endogenous ZNF648 is
below the level of detection by antibody-dependant
assays, this likely masks the true role of ZNF648 in ery-
thropoiesis. We therefore took the alternative approach
of knocking down ZNF648 in adult erythroid cells.
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Figure 2. Exogenous expression of ZNF648 in the
induced pluripotent stem cells line HIiDEP-1
impedes proliferation and advances differentiation.
HIiDEP-1 cells were transduced with ZNF648,
ZNF648-GFP or a control green fluorescent protein
(GFP) construct. (A) Western blot of HiDEP-1 cells
probed with ZNF648 antibody (Abcam). Molecular
wieght (MW) markers shown on left hand side (B)
Images of control and HIiDEP-1 cells transduced with
ZNF648-GFP; DAPI nuclear staining in blue. (C)
Relative fold expansion of ZNF648 and ZNF648-GFP
expressing HiDEP-1 cells compared to untransduced
(UT) and GFP control cells. *GFP vs. ZNF648, *GFP
vs. ZNFB48-GFP. **/* P<0.01; ***/** P<0.001,
n=2 each for ZNF648 and ZNF648-GFP + standard
deviation, ttest. (D) proportion of HiDEP-1 cells at
each stage of differentiation present at day 12 of cul-
ture. ProE: proerythroblast; BasoE: basophilic ery-
throblast; PolyE: polychromatic erythroblast; OrthoE:
orthochromatic erythroblast; Retics: reticulocytes.
**P<0.01, ***P<0.001, 2-way ANOVA. N=3 + stan-
dard deviation.
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ZNF648 knockdown impedes erythroid cell

differentiation

Erythroid cells differentiated from adult PB CD34* cells
were transduced with a ZNF648 shRNA or with a Scr con-
trol shRNA at day 3 in culture. Following puromycin
selection, dead cells were removed, and surviving cells
seeded at the same number and density (schematic of pro-
tocol shown in Figure 3A). Knockdown (KD) of ZNFé48
was verified by qPCR which showed an average of ~85%
reduction in transcripts compared to control (Figure 3B).

We also obtained ZNF648 protein abundance values from
TMT labeled tryptic peptides analyzed by nanoscale lig-
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uid chromatography coupled to tandem mass spectrome-
try (nano-LC MS/MS) (see below). ZNF648 protein level
was reduced by ~70% (data from 11 PSM).
Morphological analysis showed no difference in the
population of seeded cells between ZNF648 KD and Scr
control cultures, with the majority of cells having the
appearance of pro-erythroblasts (Online Supplementary
Figure S4). Cells were maintained in our erythroid culture

Figure 3. ZNF648 knockdown
impedes erythroid differenti-
ation. Erythroblasts differenti-
ated from adult peripheral
blood (PB) CD34" cells at day
3 in culture were transduced
with scrambled (Scr) short
hairpin RNA (shRNA) as con-
trol or ZNF648 shRNA,
puromycin selected and seed-
ed at same cell density along
with untransduced cells (UT)
that served as a further con-
trol. (A) Schematic of experi-
mental design. (B) quantita-
tive polymerase chain reac-
tion (QPCR) of ZNF648 tran-
script levels normalised to Scr
control. (C) Relative fold
expansion during differentia-
tion compared to cell number
at day 8 in culture. (D)
Viability of cells during differ-
entiation assessed by trypan
blue exclusion. (E) Proportion
of cells at different stages of
differentiation at day 19 in
culture. ProE: proerythroblast;
BasoE: basophilic erythrob-
last; PolyE: polychromatic ery-
throblast; OrthoE: orthochro-
matic erythroblast; Retics:
reticulocytes. (F) Reticulocyte
yield at day 19 of culture. (G)
Morphology of cells at day 19
of culture stained with May-
Griinwald-Giemsa, represen-
tative images of 3 independ-
ent  cultures.  *P<0.05,
**P<0.01, ***P<0.001, t-
test, n=3 + standard deva-
tion.
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system with counts performed and samples taken for
analysis throughout differentiation (day 8, 11, 13, 15, 17
and 19 of culture).

ZNF648 KD had a striking, negative effect on the expan-
sion and viability of cells, with significantly fewer cells
recorded at all time points from day 13 (P<0.05 to
P<0.001, n=8), due to both decreased cell expansion rate
and significantly increased cell death (P<0.05 to P<0.01,
n=3; Figure 3C and D). However, a proportion of cells do
survive, possibly due to higher levels of remaining
ZNF648, but their differentiation was impaired, with sig-
nificantly more (P<0.05, n=3) early erythroid cells
(basophilic and polychromatic normoblasts) still present at
day 19 of culture compared to control cultures (Figure 3E).
In addition, although the percentage of orthochromatic
normoblasts appears similar between the controls and
ZNF648 KD cultures at day 19 this is due to a combination
of more control cells having already enucleated (with
~30% more reticulocytes; Figure 3E) and significantly
more ZNF648 KD cells dying (Figure 3D; P<0.05, n=3),
possibly due to impeded enucleation. The reticulocyte
yield, calculated as percentage of enucleation multiplied
by the cumulative fold expansion,” is also significantly
decreased (P<0.001, n=3) in the ZNF648 KD -cultures
(Figure 3F). High levels of debris were clearly visible in the
ZNF648 KD cultures due to the increased cell death
(Figure 3G).

We also analyzed four other ZNF648 shRNA. Unlike the
above ZNF648 shRNA which targets the 3’ non-coding
region of ZNFé48, these shRNA all have complementary
sequences within the ZNF648 coding region. We were
therefore able to determine their efficiency by evaluating
reduction in the level of ectopically expressed ZNF648 on
immunoblot (Supplementary Figure 5A and B). Three of the
shRNA did not reduce ZNF648 levels. However, ZNF648
shRNA2 reduced ectopic ZNF648 protein ~2-fold (also
see Online Supplementary Figure 6A). In order to compare
endogenous protein levels, we again used abundance val-
ues from mass spectrometry (TMT labelled tryptic pep-
tides analysed by nano-LC MS/MS) of adult erythroid
cells transduced with Scr or ZNF648 shRNA2, which
showed ~20% reduction in endogenous ZNF648. Hence,
ZNF648 shRNA2 reduces ZNF648 levels, but not to the
same magnitude as the above ZNF648 shRNA.

We therefore used ZNF648 shRNA2 in our KD protocol.
Expansion of cells transduced with ZNF648 shRNA2 was
reduced (Online Supplementary Figure 6B), however, the
magnitude decrease was less (e.g., at day 15, 4.5-fold less)
than for ZNF648 shRNA, in line with the less efficient KD
of ZNF648 by ZNF648 shRNA2. Terminal differentiation
was also impaired, with significantly more orthochromat-
ic normoblasts (P<0.05, n=3; Online Supplementary Figure
S6C) still present at day 19 of cultures compared to con-
trols in which significantly more cells had already enucle-
ated (P<0.05, n=3; Online Supplementary Figure S6C). The
reticulocyte yield of ZNF648 shRNA2 cultures at day 19
was also significantly lower (P<0.05) than control cultures
(Online Supplementary Figure S6D). The effect of ZNF648
shRNA2 therefore parallels that of the first ZNF648
shRNA but the effects are less pronounced due to the
smaller magnitude decrease in ZNF648 levels.

Rescue of ZNF648 knockdown improves phenotype
We also rescued ZNF648 KD cells by co-transduction of
ZNF648 shRNA and ZNF648 coding region tagged with
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GFP (Ounline Supplementary Figure S7); as shown above
(Figure 2) ZNF648-GFP and untagged ZNF648 have the
same effect on proliferation and viability. Co-transduc-
tion was required due to death of cells immediately fol-
lowing ZNF648 KD. As ZNF648 shRNA targets the 3’
non-coding region of ZNF648 it cannot target the ZNF648
transgene. The increase in ZNF648 transcript levels fol-
lowing transduction is shown in the Online Supplementary
Figure S7C (day 8 panel), with densitometry values from
ZNF648 western blot showing >50-fold increase in
ZNF648 protein level. A schematic of the protocol is
shown in the Online Supplementary Figure S7A, with GFP*
cells isolated from the co-transduced population by fluo-
rescence-activated cell sorting (FACS) and cells from all
cultures seeded at the same density in erythroid culture.

The viability of the ZNF648 KD population again
declined to <50% of control cells by day 13 of culture
(Online Supplementary Figure S7B). In contrast, viability of
the rescued population mirrored that of the Scr shRNA
control for the first 3 days, but declined to a greater extent
thereafter, although was higher than that of the ZNF648
KD population to day 19. The lower viability of the res-
cued culture seen by day 13 compared to control may be
due to a more rapid loss of ZNF648. As the ZNF648 trans-
gene lacks a 3’ non-coding region it is less stable than
endogenous transcripts, decreasing its half-life. This is
exacerbated as differentiation continues, as the nuclei
condense, and transcriptional activity reduces. A reduced
level of ZNF648-GFP mRNA and protein is indeed seen
by day 13 of culture (Online Supplementary Figure S7C and
D).
ZNF648 rescue also significantly improved the differen-
tiation potential of the cells (Online Supplementary Figure
S7E and F), with no basophilic or polychromatic nor-
moblasts remaining at day 19 in culture, in contrast to the
ZNF648 KD cultures, along with ~30% more reticulo-
cytes. There was also notably less debris in the rescue
than ZNF648 KD cultures, more clearly seen at day 11
(Online Supplementary Figure S7F). However, the enucle-
ation rate of the rescued population was not fully recov-
ered, being still ~35% lower than the control. Again, this
is likely due to physiological levels of ZNF648 not being
achieved. Nevertheless, the data clearly supports that the
observed phenotype following ZNF648 KD is due to
reduced levels of ZNF648.

Perturbation of the transcriptome and proteome
following ZNF648 knockdown.
Analysis of transcriptome

In order to determine the mechanism by which loss of
ZNF648 impedes erythroid differentiation, and results in
reduced viability, we initially looked at transcript levels
for key erythroid transcription factors and proteins fol-
lowing ZNF648 KD in adult erythroid cells on day 8 of
culture (5 days post transduction with ZNF648 shRNA)
by PCR. Expression of transcription factors GATA1,
FOG1, KLF1 and BCL11A-XL were unchanged, as was
AHSP. However, there was a decrease in expression of
HBB (B-globin), SCL4A1 (Band 3), GYPA (glycophorin A)
and CAf1 (carbonic anhydrase 1) (Online Supplementary
Figure S8), possibly indicating some defect or delay in dif-
ferentiation even in these early cells, despite no obvious
morphological differences compared to control cells.
There was also reduced expression of E2F2, consistent
with decreased cell expansion rate.”
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For a more in-depth and global analysis of the effect of
ZNF648 KD, comparative transcriptomic analysis was
performed. Following transduction of adult erythroid
cells with Scr or ZNF648 shRNA, total RNA was extract-
ed at day 8 from three independent cultures and used to
screen human genome arrays. Following statistical analy-
sis, 299 probe ID (representing 208 unique genes) were
down-regulated 22-fold and 124 probe ID (representing
84 unique genes) were up-regulated =2-fold upon ZNF648
KD (Online Supplementary Table S1).

All genes with increased or decreased expression =2-
fold were entered into the Reactome Knowledgebase
(https://reactome.org) to reveal significantly over-repre-
sented pathways in the datasets.”* Identified pathways,
sorted by P-value, are provided unless too few proteins
(<5) were assigned or pathway association was not signif-
icant (P>0.05).

Of the genes with decreased expression, 153 were
found in Reactome with the data demonstrating signifi-
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cant over-representation of megakaryocyte genes, with
almost all identified pathways associated with megakary-
ocyte or platelet regulation and function (Figure 4A). Of
the genes with increased expression, 47 were found in
Reactome but no pathways were significantly over-repre-
sented.

Analysis of proteome

Transcript abundance does not directly correlate with
protein abundance, due to substantial post-transcription-
al, translational and protein degradation regulation.” We
therefore investigated the change in proteome following
ZNF648 KD to further, and more directly inform how
ZNF648 KD disrupts erythropoiesis, helping delineate its
role in this process.

TMT comparative proteomics was performed on adult
erythroid cells on day 8 in culture following transduction
with Scr or ZNF648 shRNA, as for the transcriptomic
analysis above. A total of 7,868 unique proteins were
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Figure 4. Megakaryocyte-associated proteins and pathway classification of transcripts and proteins decreased in level following ZNF648 knockdown. Total RNA
and whole cell protein lysates were prepared from erythroid cells differentiated from adult peripheral blood (PB) CD34* cells transduced with scrambled (Scr) or
ZNF648 short hairpin RNA (shRNA), at day 8 in culture. RNA was used to screen human genome arrays, with transcripts decreased in level by >2-fold following
ZNF648 knockdown (KD) entered into Reactome. Data from three independent KD experiments (A). Tryptic peptides were prepared from cell lysates and labeled with
Tandem Mass Tags followed by nanoscale liquid chromatography coupled to tandem mass spectrometry (nano-LC MS/MS) with (B) relative decrease in level of
megakaryocyte associated proteins following ZNF648 KD, identified amongst the 123 unique proteins decreased by >2-fold. Data from two independent KD experi-
ments + standard deviation, and (C) Reactome analysis of the proteins decreased in level. In (A) and (C) dark shades indicate genes/proteins apportioned to the
pathway shown on the left. Pathways shown with minimum probability of over representation in the dataset, corrected for false discovery rate of P<0.006 for tran-
scripts and P<1.42x10*® for proteins.
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quantified, with 123 unique proteins decreased in level by
=2-fold following ZNF648 KD (Online Supplementary Table
S52A). In keeping with the transcriptomic data, interroga-
tion of the proteomic dataset revealed a striking number
of these 123 proteins are known megakaryocyte proteins
(14%; Figure 4B). Following analysis with Reactome,
almost all assigned pathways were again associated with
megakaryocyte or platelet regulation and function (Figure
4C; 86 of the 123 proteins found in Reactome). Of note,
six of the ten proteins with greatest magnitude decrease
in level were megakaryocyte-associated proteins (Online
Supplementary Figure S9). These proteins were all found to
decrease in level during normal erythropoiesis (Online
Supplementary Figure S10), hence their decrease on
ZNF648 KD is not due to delayed differentiation.
Megakaryocyte proteins in Figure 4B were also decreased
on transduction of cells with ZNF648 shRNA2 but by 20-
30% compared to 50-70% with ZNF648 shRNA, in line
with the magnitude of ZNF648 KD by the two shRNA.
175 unique proteins were found to be increased in level
following ZNF648 KD (Online Supplementary Table 2B),
119 of which were found in Reactome. Interrogation of

the pathways assigned (Figure 5) revealed proteins typi-
cally expressed by cells of the monocyte lineage (e.g.,
apolipoproteins, complement cascade and regulatory
components, SERPINS) as well as immunoglobulin chains
normally synthesized by B cells, although some of the
above are also expressed by granulocytes and megakary-
ocytes.

Consistent with the PCR data, no change in the level of
GATALI, FOGI1, KLF1, BCL11A-XL and AHSP, as well as
key erythroid proteins ITGA4, CD71, CD44, a-Spectrin or
B-Spectrin was detected in the transcriptomic or proteomic
datasets. A decreased level of B-globin and glycophorin A
was detected in both datasets, and of Band 3 and CA1 in
the proteomic dataset, in line with the PCR data. The raw
data for the transcriptomic analysis did also show a
decrease for E2F2, SCL4A1 and CA1 but levels were vari-
able and therefore did not pass the statistical cut-offs.

Overall, the data demonstrate a distorted genetic read-
out on ZNF648 KD, with altered expression of genes nor-
mally associated with cells of other haematopoietic line-
ages. In particular, there was a striking effect on proteins
associated with megakaryocyte or platelet function.
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Figure 5. Pathway classification of proteins increased in level following ZNF648 knockdown. Tandem Mass Tag labeling and nanoscale liquid chromatography cou-
pled to tandem mass spectrometry (nano-LC MS/MS) was performed on whole cell lysates from erythroid cells transduced with ZNF648 or scrambled (Scr) (control)
short hairpin RNA (shRNA) at day 8 in culture. Proteins increased in level following ZNF648 knockdown were entered into Reactome. Dark red indicates proteins
apportioned to the pathway shown on the left. Top 20 pathways shown with minimum probability of over representation in the dataset, corrected for false discovery
rate, of P<2.11x10°.
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Proteins increased in level following ZNF648 knockdown are also
increased in erythroid cells differentiated from three induced
pluripotent stem cell lines

As ZNF648 is reduced in level in erythroid cells differ-
entiated from our three iPSC lines, we cross referenced
the most abundantly upregulated proteins (z4-fold; 112
proteins) following ZNF648 KD with our previously pub-
lished proteomic dataset of erythroid cells differentiated
from the iPSC lines compared to differentiation stage
matched normal adult erythroid cells.” Of the 112 pro-
teins, 69 were found in the iPSC proteomic dataset, and
of these 46 (67 %; Online Supplementary Table S3) were
also increased in the iPSC-derived erythroid cells, with
the same pathways assigned by Reactome (Omnline
Supplementary Figure S11). Proteins that increased in level
by <4-fold did not show a correlative increase in the
iPSC-derived erythroid cells.

Analysis of all proteins increased in the iPSC-derived
erythroid cells (=2-fold; see Trakarnsanga et al') for
datasets) highlighted dysregulation of the same proteins
and pathways as above, but also proteins associated with
other pathways, showing greater dysregulation in these
cells (Online Supplementary Figure S12). However, there
was no correlation between proteins decreased in level
following ZNF648 KD and those decreased in iPSC-
derived versus adult erythroid cells, suggesting differences
in the regulation or programming of iPSC-derived ery-
throid cells compared to adult cells.

ZNF648 knockdown impedes megakaryocyte
differentiation

We compared the abundance of ZNF648, as well as
abundance of the megakaryocyte proteins that decreased
in level in erythroid cells following ZNF648 KD, in ery-
throblasts and megakaryoblasts. For this we took advan-
tage of available RNA sequencing (RNAseq) data for nor-
mal erythroblasts and megakaryoblasts differentiated
from CD34* cells accessible via the Bloodspot website.**
The expression of ZNF648 was an order of magnitude
lower in erythroblasts compared to megakaryoblasts (see
also PCR analysis of ZNFé48 transcript levels in erythrob-
lasts and megakaryoblasts, Online Supplementary Figure
S13). Similarly, the expression of all 17 megakaryocyte
proteins shown in Figure 4B were between 2- to 8-fold
lower in erythroid cells. We confirmed expression of
some by PCR (Online Supplementary Figure S13). Higher
levels of ITGA2B, PF4, GP9 and ITGB3 in megakary-
ocytes compared to erythroblasts have been reported pre-
viously.” As a control, we looked at the expression of ery-
throid markers Band 3, glycophorin A, ITGA4, CD36,
CD44, a-Spectrin and B-Spectrin in the Bloodspot
dataset, all of which were at a higher level in erythrob-
lasts than megakaryoblasts as expected.

Finally, using the same ZNF648 shRNA, we knocked
down ZNF648 in megakaryoblasts to determine if
ZNF648 also plays a regulatory role in this lineage.

Adult CD34" cells transferred to megakaryocyte culture
medium were transduced on day 1 with ZNF648 shRNA
or with the control Scr shRNA, followed by puromycin
selection. Untransduced cells served as a further control
(schematic of experimental design shown in Figure 6A).
As expected, there was similar loss of CD34 expression
with time in all cultures (Figure 6B). In order to determine
the effect of ZNF648 KD on megakaryopoiesis,
megakaryocyte membrane protein marker expression
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was assessed during differentiation. There was no signif-
icant difference between control and ZNF648 KD cultures
from day 3 through to day 8, although the level of CD42b
was consistently lower in the latter. However, on day 12
the levels of CD61, CD41 and CD42b were significantly
lower in the ZNF648 KD cultures, indicating a defect in
megakaryocyte differentiation (Figure 6B). In order to fur-
ther assess megakaryocyte differentiation, we measured
the levels of CD61 and CD41 as indicators of commit-
ment to the megakaryocyte lineage, and CD61 and
CD42b as indicators of mature megakaryocytes on day
14 of culture. As seen in Figure 6C both megakaryocyte
commitment and maturity were significantly reduced fol-
lowing ZNF648 KD. Finally, a unique characteristic of
megakaryocytes is their capacity to become polyploid.
We therefore measured the ploidy status of CD61* cells.
There was a significant shift to lower ploidy status for the
ZNF648 KD cells (Figure 6D). This is also seen in the cell
images where fewer large cells are present in ZNF648 KD
cultures (Fig. 6E, upper panel) and those detected have
less nuclear content (Figure 6E, lower panel), indicating
the cells are not able to mature properly to large polyploid
megakaryocytes. Overall, the data support a role for
ZNF648 in megakaryocyte differentiation.

ZNF648 sequence conservation and evolution origins

Conservation of protein sequences across species can
indicate functional importance. Having established a role
for ZNF648 in humans, we next investigated the conser-
vation and profile of ZNF648 through evolution to gain
further information on this novel protein.

We used BLAST and HMMER sequence similarity
searches to identify homologues of ZNF648 across
eukaryotes, then inferred phylogenetic trees to determine
orthology relationships and pinpoint the evolutionary
origin of the ZNF648 gene.

Among mammals, ZNF648 is conserved (Online
Supplementary Table S4). However, the C-terminus, which
contains ten tandemly arranged C.H. ZnF motifs in all, is
more highly conserved than the N-terminus (94-100%
amino acid sequence identity in the C-terminus, human
residues 279-568, compared to 50-98% N-terminal
sequence identity, residues 1-278). The N-terminal region
was however conserved between closely related family
members (Online Supplementary Table S5).

Broadening our search beyond mammals, we detected
orthologues of ZNF648 across Reptilia, in some
Amphibia and Aves, in Coalacanthiformes and across the
bony fish (Actinopterygii) but not outside this group, sug-
gesting that the gene originated in the common ancestor
of Osteichthyes (Euteleostomi) after their evolutionary
divergence from gnathostomes. As in mammals, ZNF648
C-terminal conservation (28-100%) is higher than N-ter-
minal conservation (21-97 %), with the N-terminus recog-
nisably similar within, but not between, major lineages
(Figure 7). This suggests that the N-terminus of ZNF648
evolves faster than the C-terminus, perhaps due to
reduced or lineage-specific functional constraints. We
hypothesize that the C-terminus (containing the ZnF
motifs) evolves slowly because it performs the same func-
tion, binding to a DNA target motif, while the N-termi-
nus may vary in function across lineages. We used sensi-
tive profile-profile sequence searches but were unable to
detect any significant similarity between the N-terminus
of the ZNF648 protein family and any characterized data-
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Figure 6. ZNF648 knockdown impedes megakaryocyte differentiation. Isolated adult peripheral blood CD34" cells were transferred to megakaryocyte differentiation
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as a further control. (A) Schematic of experimental design and expression profile of CD34, CD41, CD61 and CD42b during normal megakaryopoiesis, (B) expression
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representative of three independent cultures. *P<0.05, **P<0.01, ***P<0.001, Student’s t-test.
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Figure 7. Pairwise sequence
identity and phylogeny of rep-
resentative ZNF648 ortho-
logues across Osteichthyes.
(A) (i) C-terminus (human
residues 279-568;), (ii) N-ter-
minus (human residues 1-
278). Warm colors indicate
higher pairwise percentage
identity. The C-terminus (con-
taining the ZnF motifs) is con-
served across Osteichthyes,
but the N-terminus is much
less conserved, showing high
identity only within major line-
ages
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base sequences, suggesting that this represents a novel
functional domain; in other ZnF proteins, the non-ZnF
region of the protein acts as an effector domain, for exam-
ple binding to other proteins to bring about transcription
repression.”

Notwithstanding, proteins or regions with low
sequence similarity can still have homologous function
via adoption of a similar structure” so we analysed the N-
terminal half of ZNF648 from a range of species to see if
residues shared a common fold. All sequences were
aligned using Clustal Omega® and a secondary structure
prediction carried out by PsiPred.” From this secondary
structure alignment, confidence that the N-terminal half

Latimeria chalumnae *

Rhinatrema bivittatum

Pelodiscus sinensis
Chelonia mydas
Terrapene carolina
Chrysemys picta
Apteryx rowi

of these proteins share a common fold is low. However,
there are two significant patches of sequence with shared
charge similarity between all mammalian sequences but
also found in reptilia and coelacanth (Online
Supplementary Figure S14), which suggests that even if
they do not share the same fold they may have targeting
or protein-protein interaction sites in common.

In the C-terminus, the number of detected C.H. zinc
finger motifs varies among taxa, from e.g., 11 in Reptilia,
ten in mammals to seven in Aves (see schematic in the
Online Supplementary Figure S15). All outside the mam-
malian clade have an additional conserved C.H. ZnF at the
N-terminal end of the ZnF domain, lost in mammals. Of
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that the gene traces back to the common ancestor of Osteichthyes.

Figure 8. ZNF648 phylogenetic tree. A maximum likelihood phylogeny of ZNF648 was inferred (949 aligned sites/1134 positions/42 taxa) using the best-fitting
LG+C60+G+F model in IQ-Tree 1.6.10. Branch supports are 1,000 ultrafast bootstraps. ZNF648 is conserved across the major lineages of Osteichthyes
(Euteleostomi), but several lineage-specific losses have occurred. The topology of the tree is congruent with our understanding of species relationships, suggesting
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potential interest only Reptilia and Coelacanth have all 10
conserved mammalian ZnE which along with the con-
served patches of charge similarity in their N-terminal
region suggests a possible closer functional relationship
between ZNF648 in these species.

While the ZNF648 gene has a broad phylogenetic dis-
tribution in bony fishes, it has been lost repeatedly and
independently in a number of descendant lineages, partic-
ularly in many lineages of birds, and in the common
ancestor of all Lepidosaurians (snakes, lizards and
tuatara). The patchy distribution of ZNF648 orthologues
across these groups appears to be the result of independ-
ent losses rather than gains (for example, by de novo origin
of a new CH. ZnF-motif containing sequence) because
the retained sequences follow the species tree (Figure 8).
Phylogenetic trees inferred separately for the C-terminal
ZnF domain and N-terminal region (Online Supplementary
Figure S16A and B) are consistent with the hypothesis that
both domains have evolved on the same underlying tree,
indicating that while N-terminal sequence conservation is
low the two domains are likely to have evolved together
as a unit since the common ancestor of bony fish.

Discussion

Our data show that ZNF648 is required for both ery-
throid and megakaryocyte differentiation in humans, with
the order of magnitude higher level of ZNF648 in
megakaryoblasts suggesting differential levels of ZNF648
may be required by the two lineages. In addition, the
striking reduction in abundance of proteins associated
with the megakaryocyte lineage following ZNF648 KD in
erythroid cells supports a function for these proteins in
erythropoiesis.

Of interest, the level of transcription factor Flil was
found to be decreased in erythroid cells in both the tran-
scriptomic and proteomic datasets following ZNF648 KD.
Flil is critical for megakaryopoiesis,” with cross-antago-
nism between FLI-1 and KLF1, a transcription factor essen-
tial for erythroid differentiation,” implicated in the control
of erythroid versus megakaryocyte lineage differentia-
tion.” However, Flil mutant mice have aberrant red blood
cell development, as well as severely impeded megakary-
opoiesis,” suggesting a requirement for Flil or its relative
level also in erythropoiesis. Flil directly regulates the
expression of many megakaryocyte proteins, including
ITGA2B, GP1BA, GP9 and PF4,%* all decreased in level on
ZNF648 KD in erythroid cells. Therefore, ZNF648 may, at
least in part, exert its effect upstream of Flil.

Furthermore, ZNF648 may suppress differentiation to
other haematopoietic lineages, as the level of proteins nor-
mally expressed by e.g., monocytes is increased following
its KD, contributing to the distorted genetic readout,
defective phenotypes and cell death observed.
Interrogation of RNAseq datasets via the Bloodspot web-
site"* showed ZNF648 is also expressed by neutrophils,
monocytes, CD8* T cells and hematopoietic stem cells as
well as megakaryocytes and erythroid cells.
Megakaryocytes have the highest level of expression,
with the other cell types having similar levels to erythroid
cells.

We do not yet know how ZNF648 functions, but its spe-
cific nuclear localisation and presence of canonical linker
sequences between ZnFs 1-3 and 5-8 support it as a DNA-
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binding transcriptional regulator. It is known that binding
of adjacent poly C.H. ZnF proteins to DNA is carried out
by 24-75% of the ZnF, with two to three successive fin-
gers responsible for the specific DNA motif interaction,
with other fingers facilitating binding. For example, TFIIIA
with nine ZnF binds its DNA recognition motif via fingers
1-8, with finger 5 and 7-9 also interacting with the DNA.
Similarly, analysis of the linker sequences between ZnF in
ZNF648 suggest specific DNA recognition by fingers 1-3
as the consensus linker sequence, inducing highest bind-
ing affinity, is found between fingers 2 and 3, but that fin-
gers 5-8 also interact. The remaining ZnF in such proteins
may interact with other molecules, including RNA and
proteins (reviewed by Iuchi'). Notwithstanding, it has also
been suggested that different groupings of adjacent ZnF in
poly-ZnF proteins bind different specific sites in the
genome, thus independently regulating a transcriptional
programme.” Alternatively, ZNF648 could interact with
DNA indirectly via interaction with other factors, act as a
scaffold or modulate the binding of other DNA-binding
proteins. Future work elucidating the target DNA-binding
site(s) and interacting partners for ZNF648 will help reveal
the specific function of this protein.

In order to further determine the functional significance
of ZNF648 we explored its sequence conservation across a
wide range of species and through evolution, identifying a
clear common ancient ancestor, that of Osteichthyes
(Euteleostomi/bony fish). This is in contrast to the large
number of poly-ZnF proteins encoded in the human
genome which are postulated to be a recent invention, the
ancestral size of this gene family being small with rapid
expansion on the primate lineage; a substantial proportion
of the proteins having no mouse ortholog.* The biological
function of a large majority of these proteins is still
unknown. Instead ZNF648 may have occurred with a
much earlier expansion of CH.-ZnF proteins in meta-
zoans.”

There has been clear differential divergence within the
ZNF648 sequence through evolution. The C-terminal
sequential CH. ZnF domain is highly conserved across
mammals, reptilians, actinopterygii, in a member of the
Sarcopterygii order Coelacanth and the amphibian
Caecilian. In contrast the remaining N-terminal region of
the protein is much less conserved; it is recognizably sim-
ilar within each of the major groups surveyed (mammals,
reptiles, actinopterygians), with greater conservation
between more closely related members, but similarity
between groups is low. ZNF648 orthologues were clearly
distinguishable from other C.H. ZnF proteins in our phylo-
genetic analyses, indicating that the conserved sequences
we detected across Osteichthyes do not represent other,
more distantly related ZnF families.

Rapid evolution of the N-terminal regions of poly C.H.
ZnF proteins, often involving loss or gain of regulatory
KRAB and SCAN domain, has been observed previously
for mammalian poly C.H. ZnF proteins and predicted to be
due to an exon-shuffling mechanism.” In such proteins
the ZnF domain is often located within a single exon, with
the N-terminal domain on separate exon(s) and separated
from the ZnF exon often by a large intron.”*® However,
analysis of the intron/exon organisation of ZNF648 in a
range of organisms (mammals, reptilians and actinoptery-
gii) showed the entire coding sequence is within a single
exon. It is therefore likely that the common ancestor had
a “complete” ZNF648 gene (i.e., with both the N-terminal




region and C-terminal ZnF domain), but that the N-termi-
nal region has evolved more quickly than the C-terminal
domain. Greater functional constraint on the DNA inter-
acting ZnF domain suggests ZNF648 binds at least some
similar regions of DNA in the different organisms.
However, divergence of the N-terminal region, which like-
ly contains binding sites for proteins that regulate ZNF648
function but has a potentially novel functional domain,
having no sequence similarity to known regulatory
domains, may enable differential expression of genes in the
different organisms. This could essentially create control
points connecting cellular requirements to DNA-binding,
and hence control of gene expression required for the dif-
ferent environmental conditions of the various organisms.

Finally, ZNF648 in humans is also expressed in other
non-hematopoietic cell types (Online Supplementary Figure
S17) indicating a broader regulatory role. Hence, although
all organisms with a ZNFé48 gene have red blood cells
and platelets (or the more primitive thrombocytes in
lower vertebrates) with ZNF648 possibly involved in reg-
ulating the differentiation of these cells throughout evolu-
tion, it may additionally or alternatively be involved in
other processes.

In conclusion, in humans the novel CH. ZnF protein
ZNF648 is involved in the regulation of both erythroid and
megakaryocyte differentiation. Functional importance of
ZNF648 is further implied by its maintenance through
evolution from the common ancestor of Osteichthyes,
with conservation within the ZnF domain but divergence
of the N-terminal region allowing adaptation of function
in the different organisms.
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