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microRNA-22 promotes megakaryocyte differentiation through
repression of its target, GFI1
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m Precise control of microRNA expression contributes to development and the establish-
ment of tissue identity, including in proper hematopoietic commitment and differenti-
*miR-22 knockout im-
pairs megakaryocytic
differentiation, whereas
differentiation is pro-
moted by miR-22
overexpression.

ation, whereas aberrant expression of various microRNAs has been implicated in
malignant transformation. A small number of microRNAs are upregulated in megakar-
yocytes, among them is microRNA-22 (miR-22). Dysregulation of miR-22 leads to various
hematologic malignancies and disorders, but its role in hematopoiesis is not yet well
established. Here we show that upregulation of miR-22 is a critical step in megakaryocyte

differentiation. Megakaryocytic differentiation in cell lines is promoted upon over-
*miR-22 is a driver of

megakaryopoiesis
through direct repres-
sion of GFI1, a repres-
sive transcription factor
antagonistic to this
process.

expression of miR-22, whereas differentiation is disrupted in CRISPR/Cas9-generated
miR-22 knockout cell lines, confirming that miR-22 is an essential mediator of this process.
RNA-sequencing reveals that miR-22 loss results in downregulation of megakaryocyte-
associated genes. Mechanistically, we identify the repressive transcription factor, GFI1, as
the direct target of miR-22, and upregulation of GFI1 in the absence of miR-22 inhibits
megakaryocyte differentiation. Knocking down aberrant GFI1 expression restores
megakaryocytic differentiation in miR-22 knockout cells. Furthermore, we have
characterized hematopoiesis in miR-22 knockout animals and confirmed that megakar-
yocyte differentiation is similarly impaired in vivo and upon ex vivo megakaryocyte
differentiation. Consistently, repression of Gfil is incomplete in the megakaryocyte
lineage in miR-22 knockout mice and Gfi1 is aberrantly expressed upon forced
megakaryocyte differentiation in explanted bone marrow from miR-22 knockout
animals. This study identifies a positive role for miR-22 in hematopoiesis, specifically
in promoting megakaryocyte differentiation through repression of GFI1, a target
antagonistic to this process.

Introduction
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Platelets are circulating, anucleate cellular fragments involved in clotting. Adult humans produce ~10""
platelets from bone marrow megakaryocytes (MKs) daily." MKs are massive polyploid cells that
undergo rounds of endomitosis, expansion of their cytoplasm, and extension of proplatelet membrane
projections into bone marrow sinusoids.>® In addition to their role in platelet formation, platelet- and
myeloid-biased hematopoietic stem cells (HSCs)* reside in close proximity to MKs, which regulate HSC
quiescence through cytokine signaling, making them crucial components of the HSC niche.®® The
hierarchical process by which HSCs yield MKs'?'2 is the subject of debate due to new evidence from
lineage-tracing and transplantation studies for direct differentiation from MK-biased HSCs and from
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unipotent MK progenitors.'*?? However, MK-promoting cytokine
signaling and gene expression pathways are well characterized, and
a number of transcription factors, such as GATA1, FOG1, GFI1B,
FLI1, and RUNX1/AML1, have been shown to contribute to
megakaryopoiesis.>*2°

microRNAs (miRNAs) are small, ~22 nucleotide, noncoding, single-
stranded RNAs that participate in development, the establishment
of tissue identity, and stem cell differentiation in the course of
normal physiology®® and contribute to disease upon their dysregu-
lation.2” In postembryonic cells, mMiRNAs repress targets posttran-
scriptionally through sequence-specific binding to messenger RNA
(mRNA), primarily resulting in transcript degradation.?®° Although
numerous miRNAs have been implicated in hematopoietic differ-
entiation and hematologic disease, and miRNA profiling studies
have been carried out in MK differentiation in various systems,3°'32
most differentially expressed miRNAs are downregulated upon MK
differentiation. Only a small number of miRNAs have been shown to
positively contribute to MK differentiation,3%€ such as the upregulation
of miR-150, which promotes MK differentiation through repression of
the MYB transcription factor, itself antagonistic to MK lineage choice.®*
microRNA-22 (miR-22) is among those few miRNAs found to be
upregulated in ex vivo differentiated MKs derived from murine fetal
liver®® and is upregulated upon megakaryocytic differentiation of the
bipotent human erythroleukemia cell line, K562374°; however, its role in
megakaryopoiesis has not been explored.

In humans, miR-22 is encoded in its own gene (MIR22HG) on
chromosome 17.*' miR-22 is a protooncogene, and its upregu-
lation has been shown to contribute to the development of myelodys-
plastic syndrome through repression of the epigenetic regulator
Ten-eleven translocation methylcytosine dioxygenase 2, which is
frequently mutated in hematologic malignancy.*? Complicating
matters, miR-22 has been implicated in promoting monocytic
differentiation in various culture systems*® and is tumor suppressive
in acute myeloid leukemia (AML),** and recently, miR-22 has been
shown to limit erythroid maturation and promote the interferon
response in viral-challenge.*®

Here, we show that miR-22 is dramatically upregulated upon
megakaryocytic differentiation in adult mice. In cell lines, megakar-
yocytic differentiation is driven by overexpression of miR-22 and is
inhibited by its loss. miR-22's role in this process is mediated
through direct targeting of the zinc-finger transcriptional repressor,
GFI1, which is dysregulated in miR-22"° animals. This work expands
the repertoire of miR-22's functions in the hematopoietic system by
establishing a new role for miR-22 in MK differentiation and expands
the class of miRNAs that promote megakaryopoiesis.

Materials and methods

Cell culture

K562 cells were cultured in Iscove modified Dulbecco medium,
10% fetal bovine serum, and 1% penicillin-streptomycin. Lipofect-
amine 2000 (Thermo Fisher) was used for transient transfec-
tion of K562 for miR-22 overexpression and luciferase assays
according to the recommended protocol.

CRISPR knockout of miR-22

miR-22 was knocked out in K562 cells using CRISPR-genome
editing.*® Guide RNAs (gRNAs) were designed to flank the 85-bp
pre—miR-22 hairpin (total length, ~375 bp). gRNAs were expressed
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from pU6-sgRNA-EF1a-puro-T2A-BFP*? (Addgene). Oligos, se-
quencing primers, and genotyping primers are available in
supplemental Table 1.

K562 cells were nucleofected with gRNA expression vectors
and pL-CRISPR.SFFV.tRFP*® (Addgene). After 48 hours, bright
BFPTRFP™ cells were fluorescence activated cell sorted (FACS)
and deposited as single cells into 96-well U-bottom plates. After
14 days, gDNA (QuickExtract DNA Extraction Solution; EpiCenter)
was subjected to polymerase chain reaction (PCR) genotyping,
using forward and reverse primers external to the deletion, and a
reverse primer internal to the deletion. Six wild-type, heterozygous,
and homozygous miR-22X° clones were assessed by quantitative
polymerase chain reaction (QPCR) for miR-22 expression.

qPCR

Total RNA was extracted using the microRNeasy Mini kit (Qiagen).
For mRNA, reverse transcription (RT) was performed with
the SuperScript lll First-Strand cDNA Synthesis System using
oligo(dT),q primers (Thermo Fisher). For miRNA, RT was performed
using the TagMan microRNA RT Kit (Thermo Fisher). gPCR was
carried out using TagMan Universal Master Mix Il, no UNG (Thermo
Fisher), using the Applied Biosystems Viia 7 Real-Time PCR System,
384-well format. Relative quantitation was calculated in the Thermo
Fisher Cloud, with values adjusted using GUSB, ActB, or sno202
controls. gPCR primers are found in supplemental Table 2.

RNA sequencing and computational analysis

Sample isolation. Total RNA was extracted from the following
samples: K562:CRISPR-Scramble, n = 3; and K562:miR-22C n = 3.

Sequencing. mRNA-sequencing libraries were analyzed on
lllumina HiSeq, Paired End, 150-bp configuration. Data sets are
reposited in the Sequence Read Archive (#SRP149845).

Data analysis. Sequences were aligned to the hg19 genome
using STAR (2.5.2b) and converted to BAM files and indexed using
Picard Tools (2.3.0). Sequencing duplicates were removed using
Samtools (1.4.1).*° Gene expression and statistical analysis were
conducted in R Studio (DESeq2).?° The top 30% of predicted
targets from TargetScan®' of hsa-miR-22-3p were identified in R
(multimiR).%?

PMA-differentiation of K562

Megakaryocytic differentiation of K562 cells was achieved by
treating with phorbol-12-myristate-13-acetate (PMA; Sigma) in
dimethyl sulfoxide (DMSO).%® Cells were seeded at 3 X 10°
cells per milliliter with 75 nM PMA or vehicle for 48 to 72 hours,
unless otherwise specified. Megakaryocytic differentiation was
quantified by measuring CD61 surface marker expression and
ploidy by flow cytometry.

CRISPRI knockdown of putative miR-22 targets

For highly efficient knockdown of putative miR-22 targets, we
used CRISPR-inhibition (CRISPRi).*” K562 cells were trans-
duced with pHR-SFFV-KRAB-dCas9-P2A-mCherry (Addgene)
and were expanded and FACS 4 times to achieve a stable, pure,
polyclonal population. gRNAs targeting promoters of specific
genes were identified*” and expressed from pU6-sgRNA-EF1a-
puro-T2A-BFP (supplemental Table 1), and transduced cells were
puromycin selected. Knockdown of targets was confirmed by gPCR
and by immunoblot in the case of GFI1.
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Immunoblotting for GFI1

Total protein was isolated from K562 cells under various treatment
conditions using radioimmunoprecipitation assay buffer, 0.1% sodium
dodecyl sulfate, and 1X Proteinase Inhibitor (Roche). GFI1 was stained
with anti-GFI1 polyclonal antibody (Rabbit pAb-GFI1, abcam #ab21061),
and specific binding was confirmed by GFI1 knockdown. Blots were
visualized using secondary antibodies conjugated to fluorophores (LiCor
IRDye) or to horseradish peroxidase using chemiluminescence (Western-
Lighting Plus-ECL) on the LiCor Odyssey. Image analysis and quantitation
were performed using Image Studio Lite (5.2.5).

Luciferase assay

For quantitation of miR-22 binding to the GF/7 3’-untranslated
region (3’-UTR) in K562, we generated nanoLuciferase (nanolLuc)
constructs harboring predicted miR-22 binding sites from the GF/1
3’-UTR or poly-T tract-nontargeted controls®* by ligating oligos
(supplemental Table 1) into pNL1.1.TK[NIuc/TK] (Promega). nanoLuc
reporters were cotransfected with pGL4.53[luc2/PGK] (Promega),
as a transfection control, into K562:wildtype and K562:miR-22KC
cells using Lipofectamine 2000. After 48 hours, transfected cells
were analyzed using the Nano-Glo Dual Luciferase Reporter Assay
System (Promega) on the SpectraMax M3 Microplate Reader
(Molecular Devices).

Mice

129S-Mir22™!- 1A mice®® were purchased from the Jackson
Laboratory. Heterozygotes were bred to obtain wildtype, heterozygous,
and homozygous miR-22XC, For all experiments, age- and sex-matched
mice, aged 3 to 6 months, were euthanized, followed by immediate
isolation of bone marrow from femurs and tibias. Littermates were
preferred when available. Peripheral blood was collected from the tail
vein for complete blood counts (Advia 120 System) and flow cytometric
analysis. All animal experiments were approved by the Albert Einstein
College of Medicine Institutional Animal Care and Use Committee.

Ex vivo differentiation assays

MegaCult assay. For analysis of murine MKs (colony-
forming unit [CFU]-MK) in collagen-based assays, 1000 sorted
c-Kit"Scal*Lineage™ (KSL) were plated in MegaCult (Stem
Cell Technologies), supplemented with collagen and cytokines
(recombinant human thrombopoietin; 50 ng/mL; rmiL-3, 20 ng/mL;
rmiL-6, 50 ng/mL; and rmIL-11, 10 ng/mL, PeproTech). After 7 days,
cultures were dehydrated and stained for acetylcholinesterase.
Cultures were scored for CFU-MK and non-MK colonies by a
blinded counter on 2 separate days.

Liquid culture of MKs. Bone marrow mononuclear cells were
cultured for 5 days in Dulbecco’s modified Eagle medium, 10% fetal
bovine serum, 1% penicillin-streptomycin, 50 ng/mL recombinant
human thrombopoietin at 1 to 5 X 107 cells per millliter. Ploidy was
assessed by flow cytometry. For gPCR, MKs were isolated using
a 2-step bovine serum albumin (Sigma) density gradient,® and
samples were subjected to cytospin (StatSpin Cytofuge 2; Beckman
Coulter) and acetylcholinesterase staining. Unfractionated cultures
were subjected to cytospin for assessment of MK frequency and
size, and CD41 expression was assessed by flow cytometry.

Flow cytometry and cell sorting

Surface markers used to label various cell types are found in
supplemental Table 3. Data collection was conducted on the LSR I
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(BD Biosciences). Cell sorting was conducted using the FACS Aria
llu (BD Biosciences). For nuclear content staining, live cells were
stained with Hoechst 33342 (Life Technologies). Otherwise, 4',6-
diamidino-2-phenylindole (DAPI) live/dead staining was used. For
the analysis of apoptosis, K562 cells were stained with the Annexin
V- allophycocyanin and propidium iodide (BioLegend), according
to the manufacturer’s instructions. Analysis was conducted in
FlowJo, v10 (BD Biosciences).

Statistical analysis

Unless otherwise specified, the unpaired, 2-tailed Student ¢ test
was applied. Results equal to or above a 95% confidence interval
(P = .05) were considered statistically significant. Unless P values
are specifically identified, they are notated as follows: not statistically
significant (ns) =.05, *.01 to =.05, **.001 to <.01, ***.0001 to
<.001, ****=<.0001. Unless otherwise specified, error bars represent
standard deviation.

Results

miR-22 contributes to megakaryocytic maturation in
an in vitro model of differentiation

Upregulation of miR-22 has previously been demonstrated upon
ex vivo MK differentiation from mouse fetal liver—derived cells.3°
Previous sequencing studies®” demonstrate that miR-22-3p is the
predominant miR-22 strand, which holds true in human K562 cells
and in the mouse megakaryocytic lineage (supplemental Figure 1A).
We demonstrated that miR-22-3p expression is upregulated ~20-fold
in terminally differentiated MKs as compared with megakaryocyte-
erythroid progenitors (MEPS) in vivo in adult 129SV mice (Figure 1A).
To assess if miR-22 behaves similarly in human megakaryopoiesis
and to establish a system for miR-22 modulation and mechanistic
studies, we turned to a proven model of MK differentiation in the
human erythroleukemia line, K562.27® K562 cells are bipotent
undifferentiated cells capable of erythroid differentiation when
treated with hemin, or megakaryocytic differentiation when treated
with PMA. Furthermore, miR-22 expression has been shown to be
upregulated in terminal differentiation of K562 and other hemato-
poietic cell lines after treatment with PMA.*° We confirmed this and
observed a greater than threefold upregulation of miR-22 upon
treatment of K562 cells with PMA over 72 hours (Figure 1B).
Transfection with an miR-22 encoding plasmid results in increased
miR-22 expression that is correlated with GFP expression (supple-
mental Figure 1B). Overexpression of miR-22 results in increased
megakaryocytic differentiation of K562 cells, as measured by
increased expression of the platelet glycoprotein CD61, in the
presence and absence of PMA (Figure 1C; supplemental Figure 1C),
and a 20% increase in high-ploidy cells upon PMA differentiation
(supplemental Figure 1D), suggesting that miR-22 is an important
driver of megakaryocytic differentiation.

In order to demonstrate that miR-22 contributes to megakaryocytic
differentiation at its endogenous levels, we knocked out the pre-
miR-22 containing stem-loop in the MIR22HG of K562 cells using
CRISPR/Cas9-mediated genome editing. miR-22 wildtype, hetero-
zygous and homozygous knockout clones were identified by PCR
and confirmed by Sanger sequencing (Figure 1D). miR-22 heterozy-
gous clones express an intermediate level of miR-22, which was
undetectable in knockout clones (Figure 1E). miR-22 heterozy-
gous and knockout K562 cells are impaired in PMA-driven
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megakaryocytic differentiation, as measured by CD61 expression,
even at high concentrations of PMA (Figure 1F). Furthermore,
miR-22 loss results in a twofold reduction of high-ploidy cells upon
PMA treatment of K562:miR-22X° cells, indicating a defect in
endoreplication consistent with disrupted differentiation (Figure 1G).
K562:miR-22KC cells displayed accelerated growth kinetics as
compared with wildtype, indicating a reduced rate of spontaneous
differentiation in the absence of PMA treatment (supplemental
Figure 1E). Neither overexpression nor knockout of miR-22 increased
the susceptibility of K562 cells to apoptosis when treated with PMA
(supplemental Figures 1F-G).

RNA-sequencing identifies putative targets of miR-22

To identify putative targets of miR-22 responsible for its effect on
megakaryocytic differentiation, we subjected K562:miR-22X° cells
to expression profiling by RNA sequencing. To restrict our analysis
to likely direct targets of miR-22, we identified the top 30% of
TargetScan®' predicted miR-22-3p targets conserved between
human and mouse using multimiR.%? This analysis identified 4 genes
suitable for further study (Figure 2A), from which we identified a
transcription factor®® and an inhibitor of cytokine signaling,®® both
of which have been implicated in hematopoietic or megakaryocytic
differentiation, for assessment as miR-22 targets that might mediate
its role in megakaryocytic differentiation (Figure 2A red box). These
genes, GFI1 (Growth factor independent 1) and SOCS2 (Suppressor
of cytokine signaling 2), have conserved miR-22-3p seed sequences
in their 3’-UTRs, in human and mouse (Figure 2B). gPCR confirms
upregulation of GF/1 and SOCS2 in K562:miR-22XC cells (Figure 2C)
and downregulation of these putative targets in K562:miR-22°F
cells (Figure 2D). We also examined expression of GF/1B, a paralog
of GFI1 that does not contain an miR-22 seed sequence, as a
nontargeted control. RNA-sequencing and gPCR in MEPs from
miR-22 knockout animals also supported the further examination of
these putative targets (not shown).

In addition, DAVID analysis®® of Gene Ontology in K562:miR-22K°
cells revealed that platelet-associated genes are enriched among
those genes downregulated upon miR-22XC, with platelet-derived
growth factor signaling-associated genes being the most enriched

in the set, consistent with the observed differentiation defect
(supplemental Figure 2A). Functional annotation clustering across
ontological databases also identified erythroid- and platelet-associated
genes as enriched in downregulated genes in K562:miR-22%° (not
shown).

GFI1 is a direct target of miR-22 during
megakaryocytic differentiation

We used CRISPRi*” to knockdown the putative miR-22 targets in the
context of miR-22%© to determine which might rescue megakaryo-
cytic differentiation. We generated stable polyclonal K562:miR-22KC
cells expressing the KRAB-dCas9 repressive protein, which were
then transduced with specific gRNAs against putative targets.
CRISPRI achieved >85% reduction of targets as measured by
gPCR (supplemental Figure 3A) and >90% reduction as measured
by immunoblot in the case of GFI1 (supplemental Figure 3B).
In K562:miR-22XC cells, knockdown of GFI1 restored differen-
tiation when measured by cell ploidy (Figure 3A) and as measured
by CD61 expression (Figure 3B). However, knockdown of SOCS2
did not rescue differentiation; thus, we pursued the effect of miR-22
on GFI1.

Although GFI1 levels are reduced upon PMA-driven megakar-
yocytic differentiation of K562 cells, GF/1 expression persisted
in PMA-treated K562:miR-22%C cells (Figure 3C right). Immuno-
blot confirmed that GFI1 protein expression is >6.5-fold higher in
K562:miR-22XC cells upon differentiation (Figure 3D-E; supplemen-
tal Figure 3C).

To demonstrate direct interaction of miR-22 and the GF/7 3’-UTR,
we developed a reporter with the miR-22 seed sequence-containing
portion of the UTR downstream of nanolLuc, which was sensitive
to treatment with miR-22 mimics (supplemental Figure 3D). As
compared with the nontargeted control, nanolLuc activity is
reduced in K562 cells expressing the GF/1 3'-UTR reporter at
endogenous miR-22 levels, and this effect is abrogated in
miR-22KC (Figure 3F). We could not detect any effect of miR-22 on
the nanoluc reporters harboring fragments of the SOCS2 3'-UTRs
(not shown).

Figure 1. miR-22 expression increases upon terminal MK maturation and drives the maturation process. (A) Bone marrow from individual wildtype 129SV mice
was stained according to surface markers listed in supplemental Table 3 and DAPI for live/dead assessment. Common myeloid progenitor (CMP), MEP, and MK were sorted
by FACS for analysis of miR-22-3p expression by gqPCR. sno202 was used as a housekeeping gene to quantify relative expression. Expression is shown relative to CMP, with
the dotted line showing Relative Expression = 1. Data represent 2 independent experiments, performed in triplicate. (B) Representative gPCR for miR-22 in K562 cells treated
with 15 nM PMA over time. K562 cells are driven to megakaryocytic differentiation. sno202 was used as a housekeeping gene to quantify relative expression. Expression is
shown relative to K562 treated with vehicle (Veh; DMSO) at 24 hours. For the statistical analysis, the time points were treated as replicates. (C) miR-22 overexpression
promotes MK maturation. K562 cells were transiently transfected with an miR-22 overexpression vector (PIG/miR-22%?) or a control (PIG/empty) and were subjected to
PMA-driven megakaryocytic differentiation. GFP expression was used as a correlate for miR-22 overexpression and gated from I, no miR-22 overexpression, to IV, highest
miR-22 overexpression (upper). Quantitation of percentages of CD617 cells upon differentiation with 75 nM PMA or vehicle treatment and escalating empty vector or miR-22
expression (lower). (D) Utilizing CRISPR/Cas9 to knockout the miR-22 encoding stem loop from the MIR22HG in K562 cells. Schematic of the human MIR22HG on
chromosome 17, specifically exon 2, which encodes the miR-22 stem loop (upper). Predicted schematics before and after locus excision and repair are shown, as well as
gRNAs and genotyping primers. Agarose genotyping gel shows isolation of 6 clones each of scramble (ie, wildtype), miR-22 heterozygous, and miR-22 knockout (lower).
Excision is identified by appearance of the truncated ~480-bp band (external primers) and loss of the ~360-bp band (internal primers). (E) gPCR for miR-22 expression in
wildtype (ie, Scramble), miR-22 heterozygous, and miR-22 knockout K562 clones. sno202 was used as a housekeeping gene to quantify relative expression. Expression is shown
relative to Scramble (n = 6). (F-G) K562:miR-22"C clones were subjected to PMA-driven megakaryocytic differentiation and assayed for differentiation by CD61 expression and

nuclear content (ie, increased ploidy). (F) PMA-driven megakaryocytic differentiation over 48 hours in K562:miR-22K°

clones was assessed by flow cytometry for CD61 expression
and reported as fold change in median CD61 expression normalized per clone (n = 3). (G) PMA-driven megakaryocytic differentiation over 72 hours in K562:miR-22%© clones.
Frequency of high-ploidy cells was assessed by flow cytometry. Gating strategy for identifying high-ploidy cells is shown (left) and is quantified in K562:Scramble and

K562:miR-22"C clones (right) (n = 5). GFP, green fluorescent protein; SSC-A, side-scatter area. *P = .05; **P < .01; ***P < ,0001.
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Figure 2. Identification of putative targets of miR-22 that may mediate its effect on megakaryopoiesis. (A) Venn diagram showing the strategy for selecting putative

targets of miR-22 from RNA-sequencing data. K562:scramble and K562:miR-22"C were subjected to total RNA isolation, library preparation, and RNA-sequencing and

analysis. To identify putative direct targets of miR-22, all targets needed to contain miR-22 seed sequences conserved in human and mouse; the yellow circle represents the

top 30% of predicted TargetScan®' targets from the multimiR package (R). The blue circle represents genes upregulated in K562:miR-2

2KO cells, as would be expected of

direct targets of miR-22. Four putative miR-22 targets were identified. The 2 chosen for further study are outlined in red. (B) Schematic showing the locations of predicted

miR-22 seed sequences in human and mouse in the 3’-UTRs of the genes chosen for further study. (C-D) gPCR to confirm dysregulation of putative miR-22 targets chosen for

future study in K562:miR-22X° cells (n = 3) (C). Expression is shown relative to scramble clone SCR3. (D) gPCR to confirm dysregulation of putative miR-22 targets chosen

for future study miR-22 overexpressing cells. Expression is shown relative to p1501:Empty. GUSB was used as a housekeeping gene to quantify relative expression. **P < .01;

***P < .001. CDS, coding sequence.

Previous reports suggest that GF/71 expression is modulated by
miRNA targeting of its 3’-UTR in lymphocytes.®’ Of the miR-22
targets identified from RNA-sequencing, only knockdown of GFI1
restored MK differentiation in the context of miR-22°, and only the
GFI1 3'-UTR responded to miR-22 levels.

miR-22 and GFI1 form an autoregulatory loop
in K562 cells

GFI1 and its paralog GFI1B are transcription factors.®® The N-termini,
common to both paralogs, contain a repressive SNAIL/GFI1 (SNAG)
domain, which is responsible for recruiting histone-modifying
enzymes.®?®® The C-termini, also common to both paralogs,
contain 6 zinc-finger domains responsible for binding the GFI1/
GFI1B AATC core recognition sequence.®* An intermediate
domain is variable between the 2 paralogs and is thought to
mediate additional protein-protein interactions. Both paralogs
are critically important to hematopoiesis. Expression studies of
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GFI1 and GFI1B have revealed that they have largely nonoverlap-
ping expression in the hematopoietic system, and knockout studies
result in variable effects in different cell types. GFI1 maintains HSC
quiescence,®®®® contributes to neutrophil differentiation,®”:*8 and
has various effects on lymphoid development.®®

Recently, Jiang et al identified a GFI1 recognition site in the
promoter of MIR22HG and described downregulation of miR-22
through epigenetic silencing by GFI1-recruited TET1, putting GFI1
upstream of miR-22.** We sought to disrupt the GFI1 recognition
site in the MIR22HG promoter (supplemental Figure 4A). Using
CRISPR-mediated homology-directed repair, we generated clones
harboring minute, 2-base, disruptions to the GFI1 core-recognition
motif (supplemental Figure 4B-C). miR-22 expression was increased
~50% upon disruption of the GFI1 site (supplemental Figure 4D).
Similarly, CRISPRi knockdown of GFI1 results in an ~25% increase
in miR-22 expression in K562:KRAB-mCherry™ cells (supplemental
Figure 4E). The observation that miR-22 represses GFI1 and that
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Figure 3. Knockdown of miR-22 targets rescues the MK differentiation defect that results from miR-22 loss. (A-B) We used the CRISPRi (CRISPR interference)
approach for knockdown of putative miR-22 target genes in K562:miR-22C. K562:scramble and K562:miR-22XC cell lines were transduced with lentivirus encoding KRAB:
dCas9-P2A-mCherry. The KRAB-dCas9 fusion protein is a strong transcriptional repressor that can be targeted by gRNAs to specific sites in the genome. A GFP targeting
gRNA was used as a control. Putative miR-22 targets were knocked down by CRISPRi in K562:scramble and K562:miR-22"° cells, and cells were driven toward
megakaryocytic differentiation by treatment with PMA. Extent of differentiation is quantified by DNA content/ploidy (n = 3) (A), and median CD61 expression (n = 5) (B).
(C-E) Megakaryocytic differentiation of K562:scramble and K562:miR-22X° cells by treatment with PMA and assayed for transcript and protein expression. (C) qPCR for
miR-22 and GFI1 upon PMA-induced megakaryocytic differentiation. sno202 and GUSB were used as housekeeping genes to quantify relative expression, respectively.
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disruption of the GFI1 recognition motif in the MIR22HG promoter
results in increased miR-22 expression suggests that miR-22 and
GFI1 participate in an autoregulatory loop whereby they increase
their own expression through repression of their repressors.

miR-22 knockout mice exhibit a defect
in megakaryopoiesis

To determine if miR-22 plays a role in MK differentiation in mice, we
assayed the bone marrow of miR-22"© animals®® for primary defects in
megakaryopoiesis. As expected, miR-22 is not expressed in the bone
marrow of miR-22“C animals (Figure 4A). Complete blood counts of
miR-22%C animals at steady state did not reveal any changes in red
blood cells, hematocrit or hemoglobin (supplemental Figure 5A), white
blood cells (supplemental Figure 5B), or platelet number (supplemental
Figure 6C). However, we did detect a decrease in mean platelet
volume (supplemental Figure 5D), which has been associated with
decreased ploidy of bone marrow MKs in human patients,®® consistent
with an MK differentiation defect. There was no change to bone
marrow cellularity (supplemental Figure 5E), mature cell types
(supplemental Figure 5F), or hematopoietic stem and progenitor
cells, except for a slight increase in CD150" CD48~ CD135 KSL
cells (supplemental Figure 5G). Knowing that miR-22 expression
increases in MK differentiation®® and having observed defective
megakaryocytic differentiation upon knockout of miR-22 in human
cell lines, we were intrigued by a 75% increase in the frequency of
MEP in miR-22%° animals (Figure 4B-C). In addition, miR-22"°
animals were found to have ~30% fewer CD9*CD41* MKs, attributable
to a decrease in the number of immature MKs (CD9*CD41*CD42b ™)
and mature platelet-primed MKs (CD9*CD41*CD42b™") (Figure 4D).”
Both populations had ~25% fewer high-ploidy cells, demonstrating
an MK maturation defect (Figure 4E). Although we did not detect any
changes to megakaryocyte progenitor or PreMegE frequency
(supplemental Figure 5H), when explanted multipotent progen-
itors (MPP KSL) were subjected to the MegaCult assay, we
detected a 15% decrease in MK-containing colonies in miR-22X°
animals (Figure 4F), primarily due to a decrease in mixed MK-
containing colonies (supplemental Figure 5I).

Acetylcholinesterase staining of cytospins from ex vivo MK cultures
derived from primary bone marrow reveals that miR-22XC-derived
MKs are smaller and less abundant than in wild type (Figure 4G),
consistent with the differentiation defect we had observed in K562
cells. Furthermore, ex vivo differentiated miR-22XC MKs exhibit a
lower frequency of high-ploidy cells than controls, suggesting
impaired differentiation upon miR-22 loss (Figure 4H).

Loss of Gfi1 downregulation upon MK differentiation
is observed in miR-22"° mice

Gfi1 is lowly expressed in MEPs®® and in K562 cells, and its expression
diminishes further upon MK differentiation in mice (Figure 5A left).

This is in contrast to Gfi1b, which is highly expressed in MK
lineage®® (Figure 5A right) and in K562 cells and is a critical
contributor to MK and erythrocyte differentiation.”’”® Interestingly,
the 8'-UTR of GFI71 contains an miR-22 seed recognition sequence,
whereas the 3'-UTR of GF/71B does not.

To demonstrate that downregulation of Gfi7 is impaired upon
miR-22 loss in vivo, consistent with the observation that GFI1
persists upon megakaryocytic differentiation of K562:miR-22°
cells, we performed gPCR on isolated cell types of increasing
maturity in the MK lineage, from the CMP to the MK. Consistent
with our data in K562 cells, Gfi1 expression is significantly ele-
vated in miR-22X° MEP and PreMegE, and notably higher in the
megakaryocyte progenitor and MK, as compared with controls
(Figure BA left), attributable to the loss of repression of Gfi1
expression by miR-22. Aberrant Gfi71 overexpression is restricted
to the MK-erythroid lineages, because there is no increase in
Gfi1 expression in the CMP, although there are similar levels of
miR-22 in CMP and MEP (Figure 1A). In addition, we differentiated
mature MKs ex vivo by culturing primary whole bone marrow in
the presence of TPO. Similar to what was observed in vivo, loss
of miR-22 derepresses Gfi1 expression in ex vivo differenti-
ated MKs from miR-22K° (Figure 5B). Together, these data
demonstrate that miR-22 represses Gfi7 during MK differenti-
ation in vivo.

Discussion

Only a small number of miRNAs have been shown to positively
regulate megakaryopoiesis.>>** We used miR-22X° cell lines and
animals to identify a role for miR-22 in MK differentiation, adding it to
the short, but growing list of miRNAs that participate in this process.
miR-22 expression is dramatically upregulated upon megakar-
yocytic differentiation of human K562 cells and during in vivo
megakaryocytic differentiation in the adult mouse. Ectopic over-
expression of miR-22 drives megakaryocytic differentiation in K562
cells and CRISPR-knockout of miR-22 impairs megakaryocytic
differentiation, as measured by diminished expression of the platelet
glycoprotein CD61 and the reduced capacity to yield high-ploidy
cells. Similarly, in vivo and ex vivo MK differentiation is impaired
in cells derived from miR-22%° animals. We have shown that
GFl1 is a direct target of miR-22. GFI1 is aberrantly expressed
in K562:miR-22"° cells upon differentiation, and Gfi1 expres-
sion persists throughout MK differentiation in miR-22X° animals.
Furthermore, knockdown of GFI7 restores MK differentiation in
K562:miR-22XC cells. Although our experimentation was limited
to targets identified in undifferentiated K662:miR-22X° cells and
we cannot rule out that further profiling of megakaryocytic differentiation
could identify additional targets of miR-22, these data demonstrate that
miR-22 is a critical positive regulator of MK differentiation through
repression of its direct target GF/1 (Figure 5C).

Figure 3. (continued) Expression is shown relative to scramble clone SCR3 (n = 3). (D) Representative immunoblot against GFI1 in K562:miR-22X° cells upon PMA-

induced megakaryocytic differentiation and in vehicle-treated control. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous loading control.

(E) Quantitation of immunoblot against GFI1 in K562:miR-22"C cells upon PMA-induced megakaryocytic differentiation and in vehicle treated control. GAPDH was used as an

endogenous loading control to quantitate relative expression. Quantified blot is included in supplemental Figure 3C (n = 3). (F) The miR-22 seed sequence containing portion

of the GFI7 3’-UTR or a nontargeted control in which the seed sequence was replaced with poly-T tract was cloned downstream of the nanoLuciferase (nanoLuc) gene. The

nanolLuc expression vectors were transiently cotransfected with a firefly luciferase expression vector into K562:scramble and K562:miR-2

2KO cells, and luminescence was

quantified after 48 hours using the Nano-Glo Dual Luciferase Reporter Assay System. Quantitation is luminescence of nanoLuc (experimental vector) over luminescence of
firefly luciferase (transfection control) (n = 3). (dT)s, poly-T tract; KO, knockout; SCR, scramble. *P = .05; **P < .01.
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Figure 4. miR-22 knockout mice exhibit an expansion of MK-erythrocyte progenitors and a defect in MK maturation. (A-C) Bone marrow from adult
129SV;miR-22 wildtype, heterozygous, and homozygous knockouts was isolated and subjected to analysis for gene expression, flow cytometric analysis, and ex vivo

2KO

megakaryocytic differentiation. (A) Total RNA was isolated from bone marrow from wildtype and miR-2 animals. RT was carried out using miRNA-specific primers.

miR-223 was assayed as a control. sno202 was used as a housekeeping gene to quantify relative expression between samples (n = 3). (B) Bone marrow mononuclear cells

from individual mice were stained for progenitors (CLP, CMP, GMP, and MEP) according to surface markers listed in supplemental Table 3, and DAPI for live/dead assessment.

Shown are representative flow cytometry plots gated for myeloid progenitors from c-Kit*Sca1 ~Lineage ™ cells in wildtype and miR-22X© animals. (C) Quantitation of flow

cytometric analysis of hematopoietic progenitor cells from wildtype, heterozygous, and miR-22X° animals (n = 6-9). (D-E) Bone marrow mononuclear cells from individual mice
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Jiang et al observed downregulation of miR-22 in AML and
explored its tumor-suppressive role through the targeting of
known oncogenes.** Although ours newly identified GF/7 as a
downstream target of miR-22, they also described a relationship
between these 2 factors. They identified conserved GFI1 recogni-
tion sites in the promoter region of M/IR22HG and detailed how
miR-22's downregulation in AML is mediated through epigenetic
silencing by TET1 recruited by GFI1, putting GFI1 as an upstream
repressor of miR-22. We have also demonstrated that the promoter
of the MIR22HG is derepressed upon disruption of a GFI1 core
recognition motif. Together with the data presented by Jiang et al,
this suggests that miR-22 participates in an autoregulatory loop
whereby it drives its own expression through repression of its
negative regulator, GFI1.

GFI1 is known to promote granulopoiesis and HSC maintenance.
In our study, we have described a role for miR-22 in megakar-
yopoiesis through direct binding and repression of the GFI1
transcript. Interestingly, miR-22 is not predicted to bind to GF/1B.
GFI1 and GFI1B exhibit mutually exclusive expression patterns.
GFI1B is known to promote MK and erythroid differentiation,”’”%7478
and mutations in GFI1B result in familial bleeding disorders.?*””
Consistent with their cell type specificity, a number of studies have
demonstrated that GFI1 and GFI1B, which both exert their function
by binding of the same AATC core recognition sequence, are
capable of auto- and cross-regulation.”®”® We did not observe any
changes to GFI/1B expression that suggest that persistent GFI1
represses GF/1B transcription upon miR-22 loss, thus sup-
pressing MK differentiation. Previous studies have observed
direct competition between GATA-2/GFI1 and GATA-1/GFI1B
for binding their shared motif.2° Perhaps aberrant persistent
expression of GFI1 inhibits MK differentiation through compe-
tition with GFI1B. Overexpression of GFI1 has been shown to
partially rescue megakaryocytic differentiation in GFI1B knock-
out animals’®; however, this rescue was diminished compared
with rescue with GFI1B or a fusion protein containing the GFI1B
N-terminal region. Our observation that aberrant expression of
GFI1 impairs megakaryocytic differentiation in the presence of
endogenous GFI1B suggests they compete for DNA occupancy,
and that GFl1-binding may negatively affect the GFI1B gene
expression program because of failure to recruit the appropri-
ate cofactors to the GFI1B N-terminal domain. Unfortunately,
chromatin immunoprecipitation of GFI1/GFI1B in the hemato-
poietic system that might begin to address this question is not
publicly available.

miR-22XC animals have fewer mature MKs with lower DNA content,
and ex vivo derived miR-22XC MKs were smaller and with lower
DNA content, suggesting a maturation defect upon miR-22 loss.

There is mounting evidence that MKs contribute to the HSC niche,
particularly for MK- and myeloid-biased HSCs.*'? Although we
did not explore any disruption to the HSC niche secondary to
dysfunction of miR-22%° MKs, we did observe a slight increase
in CD150*CD48~CD135 KSL cells in miR-22%° animals (sup-
plemental Figure 5G), which may reflect disruption of the niche.
Depletion of MKs results in HSC expansion due to loss of MK-
derived cytokines.®® Likewise, the production of TPO, essential
for HSC maintenance, increases with MK ploidy,®"' suggesting
that a disruption in MK size and maturation could disrupt the
HSC niche.

Other recent studies have implicated miR-22 in terminal differen-
tiation in the MK-erythrocyte lineage. Kadmon et al reported that
miR-22 is an important positive regulator of the interferon response
to viral infection, as evidenced by a blunted response in the context
of miR-22X° in the C57BL/6 albino background, and as a brake to
erythrocyte maturation, as evidenced by accumulation of late-stage
erythrocytes.*® Although they did not observe an increase in MEP,
as we did, nor did they observe any changes to circulating platelet
levels, they reported an increase in CD41*CD34 Lineage™ MK
precursors in miR-22X° mice and suggest that this reflects an
enhancement of MK differentiation. Although we did not assay
that particular population, our results suggest that an increase in
progenitors without a change in circulating platelet numbers does
not suggest enhanced megakaryopoiesis. Rather, ex vivo differen-
tiation of accumulated progenitors revealed a differentiation and
maturation defect in our study.

It is emerging that miR-22 expression is a common and important
regulator of terminal differentiation across the myeloid lineage. Our
study has shown that miR-22 increases with and participates in
megakaryopoiesis. In addition, Kadmon et al*® have shown that
miR-22 acts as a break to erythrocyte maturation, consistent with
previous studies of miR-22 overexpression.*> Other studies have
demonstrated a role for miR-22 in promoting granulopoiesis.****
It is fascinating that in these very different cellular contexts, when
cells are expressing specific repertoires of genes to exert highly
specialized functions, that upregulation of miR-22 may participate in
terminal differentiation across cell types. Cellular context and the
transcriptome, particularly dilution of miRNA recognition elements,
are critical in determining miRNA function,®2®* and surely miR-22
exerts its effects by targeting different transcripts in these diverse
cell types. However, it is striking that the upregulation of miR-22 is a
conserved feature across these different processes. The context-
specific activity of miR-22 on a diverse array of potential targets
must be considered in future studies of miR-22, the regulation of the
miR-22 locus, and, particularly, in the development of miR-22-based
therapeutics.

Figure 4. (continued) were stained for immature (CD9"CD41"CD42b ") and mature (CD9"CD41"CD42b™) MKs, and for DNA content. Quantitation of frequency of
immature and mature MKs (D), and quantitation of the frequency of high-ploidy cells in mature MKs (n = 3) (E). (F) CFU-MK assays. One thousand KSL were isolated from

individual wildtype, heterozygous, and miR-22K°

animals by FACS and were plated in 1.7 mL MegaCult supplemented with collagen and cytokines and plated in covered

chamber slides for culture. After 7 days, cultures were dehydrated in acetone and stained for acetylcholinesterase and counterstained with Harris’ hematoxylin. CFU-MK and

non-MK were quantified by a blinded counter on 2 separate days, and counts were averaged (n = 3). (G-H) Ex vivo MK differentiation of primary miR-22© bone marrow cells.

Bone marrow mononuclear cells were isolated from individual adult 129SV:miR-22 wildtype and miR-22X° and were subjected to ex vivo MK differentiation by treatment with

TPO. Whole cultures were used for flow cytometry and acetylcholinesterase staining. (G) Representative microscopic images of acetylcholinesterase-stained cytospins from

unfractionated ex vivo MK differentiation cultures. MKs are stained brown. Red arrows show MKs at 5X magnification. (H) Frequency of CD41™ cells with high DNA content

(>4 n) in ex vivo differentiated MKs (n = 2-3). CFU-MK, colony forming unit-megakaryocyte; CLP, common lymphoid progenitor; CMP, common myeloid progenitor; GMP,

granulocyte-monocyte progenitor; MEP, megakaryocyte-erythrocyte progenitor; nd, not detectable. *P < .05; **P < .01; ***P < .0001.
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Figure 5. Gfi1 expression persists in miR-22X°

animals throughout megakaryocytic differentiation. (A) Bone marrow from individual adult 129SV;miR-22 wildtype

and miR-22 homozygous knockouts was stained according to surface markers listed in supplemental Table 3, DAPI for live/dead assessment, and sorted by FACS. Gene

expression by qPCR for Gfi1 (left) and Gfi1b (right) in common myeloid progenitors through MK differentiation is shown. ActB was used as a housekeeping gene to quantify

relative expression. Expression is shown relative to miR-22"/* CMP, with the dotted line showing Relative Expression = 1 (n = 2-8). Error bars represent standard error of the

mean. (B) Ex vivo MK differentiation of primary miR-22%C bone marrow cells. Bone marrow mononuclear cells were isolated from individual adult 129SV:miR-22 wildtype and

miR-22XC and were subjected to ex vivo MK differentiation by treatment with TPO. For gene expression analysis, MKs were enriched by 2-step bovine serum albumin gradient

sedimentation. gPCR for Gfi7 in ex vivo differentiated MKs at 2 and 5 days after initiation of TPO treatment. ActB was used as a housekeeping gene to quantify relative

expression. Expression is shown relative to day 2 miR-22*/* MKs, with the dotted line showing Relative Expression = 1 (n = 2-3). Error bars represent standard error of the

mean. (C) Proposed model whereby repression of GFI7 by miR-22 permits megakaryopoiesis. miR-22 promotes megakaryopoiesis (dotted green line) through direct repression

of GFI1 (solid red line). GFI1 represses miR-22 expression by binding at the promoter of the MIR22HG. BM, bone marrow; MkP, megakaryocyte progenitor; PreMegE,

megakaryocyte-erythrocyte precursor. *P = .05; **P < .01.
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