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SUMMARY

B-Hemoglobinopathies can trigger rapid production of red blood cells in a process known as stress erythro-
poiesis. Cellular stress prompts differentiating erythroid precursors to express high levels of fetal y-globin.
However, the mechanisms underlying y-globin production during cellular stress are still poorly defined.
Here, we use CRISPR-Cas genome editing to model the stress caused by reduced levels of adult B-globin.
We find that decreased B-globin is sufficient to induce robust re-expression of y-globin, and RNA sequencing
(RNA-seq) of differentiating isogenic erythroid precursors implicates ATF4 as a causal regulator of this
response. ATF4 binds within the HBS1L-MYB intergenic enhancer and regulates expression of MYB, a known
v-globin regulator. Overall, the reduction of ATF4 upon B-globin knockout decreases the levels of MYB and
BCL11A. ldentification of ATF4 as a key regulator of globin compensation adds mechanistic insight to the
poorly understood phenomenon of stress-induced globin compensation and could inform strategies to treat

hemoglobinopathies.

INTRODUCTION

Red blood cells (RBCs), also known as erythrocytes, are packed
with hemoglobin tetramers and circulate throughout the body to
supply all tissues with oxygen. Adult RBCs primarily contain
adult hemoglobin (HbA), which consists of two copies of a-globin
and two copies of B-globin. B-Thalassemic genetic disorders are
caused by disruption of 3-globin expression, causing loss of HbA
and resulting in severe anemia, poor growth, and dramatically
shortened lifespan. B-Thalassemia can be ameliorated by re-
expression of y-globin, which complexes with a-globin to form
fetal hemoglobin (HbF). y-Globin is normally expressed during
development and silenced soon after birth, in an inverse relation-
ship with B-globin.

Severe anemias such as B-thalassemia can trigger rapid pro-
duction of RBCs in a process known as stress erythropoiesis.
Stress erythropoiesis is induced by tissue hypoxia resulting
from anemia and involves a distinct erythropoietic program
that favors increased y-globin. For example, recovery from
bone marrow transplant or other treatments that greatly reduce
erythroblast levels is often characterized by high levels of
v-globin and HbF (Alter, 1979; Meletis et al., 1994; Papayanno-
poulou et al., 1980; Weinberg et al., 1986). Homozygous B-thal-
assemia patients transplanted with bone marrow from
heterozygous siblings express high levels of HbF that can be
sustained for up to 2 years after transplant (Galanello et al.,
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1989). B-Thalassemia patients can also re-express high levels
of y-globin without transplant (Manca and Masala, 2008; Roch-
ette et al., 1994). Intrinsic cellular processes can also mimic
stress erythropoiesis, and ex-vivo-cultured stress erythroid pro-
genitors express high levels of HbF (Xiang et al., 2015). Overall,
this has led to the suggestion that erythroid stress recapitulates
fetal erythropoiesis, but the pathways involved in fetal globin
expression during this process remain to be determined.

HbF reactivation is being actively explored as a potential route
to treat a variety of globinopathies, including B-thalassemia and
sickle cell disease (Platt et al., 1984; Wienert et al., 2018). These
approaches stem from the observation that naturally occurring
mutations that promote HbF re-expression can ameliorate -glo-
binopathy symptoms (Berry et al., 1992; Jacob and Raper,
1958). A variety of strategies for HbF re-expression are being
pursued, including large deletions within the B-globin locus, mu-
tations of the HBG1/2 promoter, and cell-specific reduction of
the BCL11A repressor by enhancer editing (Sankaran, 2011;
Wienert et al., 2018).

Here, we sought to model the cellular erythroid stress
occurring after disruption of B-globin, hereafter referred to as
Bo-stress, in order to determine the mechanism underlying spon-
taneous re-expression of fetal hemoglobin. We and others previ-
ously found that HbF was upregulated after genome editing of
HBB in CD34* adult mobilized hematopoietic stem and progen-
itor cells (HSPCs) to reverse the causative allele of sickle cell
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disease. In vitro differentiation of bulk-edited cell populations
induced high HBG1/2 transcript levels as compared to unedited
cells, which translated to high levels of HbF tetramers (DeWitt
et al., 2016; Park et al., 2019; Vakulskas et al., 2018). This effect
persisted even after long-term xenotransplantation of edited
cells to immunodeficient mice (Magis et al., 2019).

We now show that By-stress caused by reductions in $-globin
using either CRISPR-Cas genome editing or CRISPR interfer-
ence (CRISPRI) transcriptional repression are sufficient to induce
increased levels of y-globin in immortalized hematopoietic
progenitors and adult mobilized CD34* HSPCs. Time-course
transcriptomics of isogenic HBB knockout and wild-type (WT)
cells during erythroid differentiation reveals that loss of B-globin
leads to a transcriptional program that induces very high levels of
HBG and moderately activates the transcription of other globins
such as HBE and HBZ. Pathway analysis indicates that B-globin
knockout cells reduce ATF4 (activating transcription factor 4) ac-
tivity, leading to reductions in transcripts of many ATF4 targets.
Endogenous mutation of ATF4 leads to upregulation of several
globins, especially y-globin, much like HBB knockout or knock-
down. BCL11A levels were reduced in cells with knockout of
HBB or an ATF4 mutation, leading us to first suspect BCL11A
as a possible ATF4 target. However, chromatin immunoprecipi-
tation sequencing (ChlP-seq) showed no evidence for ATF4
binding anywhere near BCL11A regardless of differentiation sta-
tus or HBB genotype. Instead, we find evidence for ATF4 binding
within the HBS1L-MYB intergenic enhancer region. MYB is a
known regulator of HbF expression at multiple levels, including
promotion of BCL11A expression. (Antoniani et al., 2017). MYB
transcript levels were reduced in cells with HBB knockout or
harboring an ATF4 mutation. Lastly, we found that HBB
knockout reduces ATF4 binding at multiple genes involved in
the unfolded protein response, leading to their transcriptional
repression. Overall, our data indicate that Bo-stress inhibits an
ATF4-mediated transcriptional program, which paradoxically re-
duces the unfolded protein response despite the presence of
free a-globin. Reduced ATF4 lowers MYB and BCL11A expres-
sion to upregulate multiple globins, especially y-globin. These
data provide mechanistic insight into the long-observed but
poorly understood phenomenon of fetal globin expression dur-
ing cell-intrinsic erythroid stress.

RESULTS

Loss of HBB Leads to Upregulation of y-Globin
We previously observed that CRISPR-Cas9 editing at HBB in
CD34* mobilized peripheral blood HSPCs induced y-globin tran-
scription relative to unedited cells, leading to the formation of
HbF tetramers (DeWitt et al., 2016). To mechanistically investi-
gate how Bo-stress caused by knockout of HBB upregulates
HBG, we used the HUDEP-2 cord-blood-derived erythroid pro-
genitor cell line (Kurita et al., 2013). HUDEP-2 cells normally ex-
press high levels of HBB and low levels of HBG, making them a
popular model for the study of adult globin regulation (Bauer
et al., 2013; Grevet et al., 2018; Wienert et al., 2017).

We made a clonal HUDEP-2 line with homozygous knockout
of HBB (HBBko) using electroporation of a CRISPR-Cas9 ribonu-
cleoprotein (RNP) complexed with a well-validated HBB-target-
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ing guide “e66,” which targets the exonic (e) region 66 bp from
the start of HBB (DeWitt et al., 2016) (Figure S1A). HBBko was
derived from a WT HUDEP-2 clone (previously published as
H2.1) in order to control for clonal effects associated with the
heterogeneous HUDEP-2 parental population (Chung et al.,
2019a; Wienert et al., 2017). y-Globin levels were strikingly
increased in the HBBko line by intracellular flow cytometry,
with the vast majority of edited cells expressing detectable levels
of the protein (Figure 1A).

Both the WT and HBBko lines were equally well in vitro differ-
entiated to erythroblasts under standard conditions, as
measured by staining for CD235a (glycophorin A). WT and
HBBko cells exhibited no apparent difference in cell survival
during bulk differentiation, suggesting that po-stress induces y-
globin expression in the majority of cells as opposed to confer-
ring a fitness advantage toward cells that stochastically express
more y-globin (Figure S1B). WT expressed high levels of 3-globin
after differentiation, but as expected, HBBko completely lost
B-globin protein by intracellular fluorescence-activated cell sort-
ing (FACS). HBB mRNA was still detectable by qRT-PCR in
HBBko but was slightly reduced relative to WT in undifferentiated
cells and 95% reduced in differentiated cells (Figure S1C).

DNA damage associated with CRISPR-Cas9 genome editing
has been linked to long-lasting cellular phenotypes in HSPCs,
including p53 activation (Schiroli et al., 2019). To distinguish
nonspecific effects of genome editing from specific intervention
at the B-globin locus, we tested a panel of Cas9 RNPs com-
plexed with HBB guide RNAs targeting exonic or neighboring in-
tronic regions of HBB (Figure 1B). After bulk editing and in vitro
differentiating the WT line, we found that multiple RNPs targeting
coding regions consistently reduced HBB levels and increased
HBG, as measured by gRT-PCR (Figures 1C and 1D). RNPs tar-
geting neighboring intronic regions neither decreased HBB nor
increased HBG despite similar levels of editing (Figure S1D).
We found similar results when editing and in vitro differentiating
CD34* adult mobilized HSPCs from multiple donors with a panel
of exonic or intronic HBB-targeting Cas9 RNPs (Figures S1E and
S1F). Bulk editing HBB in CD34* HSPC cells did not significantly
alter cell numbers during expansion (Figure S1G). Additionally,
total cell numbers after in vitro differentiation were comparable
among exonic and intronic HBB-targeting guides (Figure S1H).
As with isogenically edited HUDEP-2 cells, this implies that Bo-
stress in HSPCs induces y-globin expression rather than posi-
tively selecting for cells that already express y-globin.

The ability of multiple HBB-targeting RNPs to induce HBG
expression suggested that this effect was independent of the
genomic change and was instead a response to loss of HBB
transcript. To test this hypothesis, we made a stable WT HU-
DEP-2 subclone expressing dCas9-KRAB (CRISPRI) (Figure S1l).
We found that stable CRISPRi of HBB using two different guide
RNAs led to potent downregulation of 8-globin and upregulation
of y-globin protein by intracellular flow cytometry (Figure 1E).
This was also reflected by levels of HBB and HBG transcripts
as measured by qRT-PCR (Figure S1J). Overall, these data indi-
cate that upregulation of HBG is not a consequence of DNA
damage or genomic targeting but is induced by loss of HBB.

To better characterize the globin protein composition resulting
from loss of HBB, we used high-performance liquid



Cell Reports

A CRISPR Editing
100 -] 100 BBkd
HUDEP-2
g =] HBBKo € *71HUDEP-2
E wT 3
2 wd 2 e WT
b= b=
8 2
g o g
(=] (=]
z z
20 20
a Ll T T T T T g T T T T
1w° 1wt 10% 1 1t 100w w® ot 102 10? 10t 10° 10°
B-globin y-globin
c 2 100 B HBG1/2
8 B HBB
=)
Q
=
5 5
<
P
[
S
2 0
S A NS A DA D G
P EFE WP S
Y e @ 6@ A
4 3
f L)
E CRISPRi
no guide no gulde" i,
NT o’ NT /\
HBB g2 HBB g2
e o ! ol
1w 1wl ! w0 w10t 10 w? w0l 1w ot ot w0t o
B-globin y-globin

¢? CellPress

OPEN ACCESS

B
€66 (g5) e297 e383 e1353 e1427
i161 |_ |_
HBB —| Exon 1 ’I—E Exon 2 |—| Exon 3 l—
I_ i251 |_ |_
e87 (g10) e334 e439
D < HBG1/2
I
I°]
[
=
=
<
[0}
o
c
kel
[}
(%]
[
=
[
x
i1]
¢
F
HbA ——
60 60 HbF
) a-globin
-"é' " aggregates
D 40 40
8 Free globin
c .
@ subunits
0 20
=
[]
[%]
Q
< o

2 4 6 8 10, 12 14 2 4 6 8 10 12 14
Time (min) Time (min)

Figure 1. Loss of B-Globin Leads to Increased y-Globin in HUDEP-2 Cells and CD34* HSPCs

(A) A homozygous knockout of HBB (HBBko) was generated from a wild-type (WT) HUDEP-2 subclone though Cas9 ribonucleoprotein (RNP) targeting of exon 1
of HBB. Intracellular flow cytometry staining of B-globin and y-globin of differentiated HUDEP-2 pool, WT clone, and HBBko clone.

(B) Schematic of single guide RNAs (sgRNAs) targeting HBB at either exonic (e) or intronic (i) positions. Numbers indicate the number of bases each RNP would
cut after the transcription start site of the HBB gene. Previously published “G5” and “G10” sgRNAs are noted (DeWitt et al., 2016).

(C) gRT-PCR of HBB and HBG1/2 after pooled editing of the WT line with each sgRNA and 5 days of differentiation. Data are plotted as percentage of all B-like
globins (HBE, HBB, HBG1/2, and HBD) and presented as mean + SD of three biological replicates.

(D) gRT-PCR of HBB and HBG1/2 plotted relative to HBA transcripts. Editing efficiency of each sgRNA is shown in Figure S1D. The data are presented as mean +
SD of three biological replicates. p value indicates paired, two-tailed Student’s t test (ns, nonsignificant; *p < 0.05; **p < 0.01).

(E) WT HUDEP-2 cells stably expressing dCas9-KRAB with guides targeting HBB were differentiated for 5 days, and hemoglobin levels were measured by

intracellular flow cytometry.

(F) WT and HBBko cells were differentiated for 5 days, and hemolysates were analyzed by HPLC. Peak compositions were identified through mass spectrometry

(Table S1).

chromatography (HPLC) coupled to mass spectrometry (MS) of
in vitro differentiated HUDEP-2 clones. We separated intact
globin peaks using standard HPLC conditions while also collect-
ing fractions. We subjected each fraction to mass spectrometry
in order to unambiguously assign the globin composition of each
peak. HPLC of the WT clone resulted in a peak pattern suggest-
ing a typically “adult” set of globins, including high levels of HbA
(Figure 1F). This peak assignment was confirmed on the
molecular level by mass spectrometry (Table S1). HPLC of the
HBBko clone instead revealed a very different pattern of peaks
(Figure 1F). Mass spectrometry and comparison to literature
globin HPLC led us to assign these as uncomplexed globins,
a-globin aggregates, and HbF tetramers (Lechauve et al,
2019) (Table S1).

Our data thus far indicate that low levels of HBB caused by
either genome editing or CRISPRIi are associated with high levels
of HBG. The presence of a-globin aggregates in cells with Bo-
stress suggests that an imbalance of hemoglobin proteins might
lead to an unfolded protein response.

We therefore asked whether the relationship between levels of
HBB and HBG was specific for reductions in HBB or a reflected
an issue of general globin balance. For this, we utilized HUDEP-1
cells, which are similar to HUDEP-2 s but exhibit a mostly imma-
ture globin profile of low HBB and high HBG. Pooled knockout of
HBG using a CRISPR-Cas RNP led to loss of HBG mRNA and
upregulation of HBB (Figure S1K). Therefore, our data suggest
that erythroid progenitors sense globin levels during differentia-
tion and attempt to compensate for missing globins by
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Figure 2. Transcriptomics of Time-Course
Differentiation Reveals an ATF4 Signature
in HBBko Cells
(A) MA plot after 5 days of differentiation
comparing HBBko and WT cells. Globin genes are
highlighted in red. RNA-seq was performed in
' biological triplicates, and data are shown as the
1 mean.
(B) Biological triplicate RNA-seq data of WT and
HBBko cells undifferentiated (day 0), after 2 days
of differentiation, and after 5 days of differentia-
tion. Transcript levels are expressed as log, fold
change normalized to their respective day
0 expression.
(C) Principal-component analysis of all RNA-seq
samples shows agreement of replicates and al-
terations in differentiation trajectories between WT
and HBBko. Replicated colors indicate n = 3 bio-
logical replicates of each condition.
(D) The expression of embryonic, fetal, and adult
globin genes is plotted for the three time points of
differentiation. Data are shown as log2 fold change
relative to WT cells and presented as mean + SD of
three biological replicates.
(E) Pathway analysis identifies 38 out of 40 ATF4
targets as significantly affected in HBBko cells.
Genes highlighted in blue and red are ATF4 targets
that are downregulated and upregulated genes by
log2 fold change on day 5 of differentiation,
respectively.
(F) MA plot from 5 days of differentiation high-
lighting 40 known ATF4 targets (red). The mean of
biological triplicates is shown.
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HBG2, HBE, and HBZ (Figure 2A). There
were relatively low total levels of HBE
and HBZ in HBBko cells after differentia-
tion, such that HBG1/2 comprised the
vast majority of globin transcripts.

To capture the dynamics of differentia-
tion, we performed triplicate time-course
RNA-seq by collecting samples in their
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upregulating what they can. This model is consistent with the
phenomenon of increased y-globin during cell-intrinsic erythroid
stress and indicates that po-stress modeled by the HBBko line is
useful to molecularly characterize this process.

HBB Knockout Cells Reduce an ATF4-Mediated

Transcriptional Response during Differentiation

Because HBB and HBG reciprocally regulated one another, we
asked if HBB loss affects the transcription of other globins. We
performed biological triplicate in vitro differentiation of paired
WT and HBBKko clones. RNA sequencing (RNA-seq) of terminally
differentiated cells revealed widespread transcriptional alter-
ations between WT and HBBko, with some of the largest fold
changes being greatly reduced HBB and increased HBGT,
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undifferentiated state, after 2 days of dif-
ferentiation, and after 5 days of differenti-
ation (Figures S2A and S2B). Globally, the
transcriptomes of WT and HBB knockout
cells are similar throughout differentiation (Figure S2C). Howev-
er, on top of the overall similarity, the knockout of HBB induces a
distinct transcriptional response that emerged after 2 days of dif-
ferentiation and intensified by 5 days (Figure 2B). This was re-
flected in principal-component analysis (PCA), showing that
WT and HBBko cells start quite similar but have distinct differen-
tiation trajectories (Figure 2C). Specifically examining the
expression of globin genes, we found that as HBB expression
declines during differentiation in HBBko cells as compared to
WT, other globins become more highly expressed (Figure 2D).
Nonsense-induced transcriptional compensation (NITC) is a
response to nonsense-mediated decay (NMD) of an important
transcript and has emerged as a new mechanism for transcrip-
tional reprogramming to upregulate related genes (El-Brolosy
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et al., 2019; Ma et al., 2019; Rossi et al., 2015). However, we
found that knocking down the mRNA decay exonuclease
XRN1 or the single-stranded RNA-binding protein SMG6 that
are required for NITC had no effect on the upregulation of
v-globin in HBBko cells by intracellular FACS and qRT-PCR
(Figure S2D).

We used pathway analysis to identify features in the RNA-seq
data that could explain the transcriptional response in differenti-
ated HBBko cells (Kramer et al., 2014). We found that ATF4 and
37 out of 40 ATF4 target genes were downregulated in HBBko
cells relative to WT cells (Figures 2E and 2F).

ATF4 is a basic leucine zipper transcription factor associated
with the integrated stress response (ISR) to unfolded proteins.
ATF4 signaling decreases global protein synthesis while simulta-
neously inducing target genes. The downregulation of ATF4 and
its ISR targets in HBBKo cells was therefore surprising, since these
cells harbor free a-globin aggregates that might have conversely
initiated the ISR (Figure 1D) (Chen and Zhang, 2019). However,
a focused CRISPR screen found that knockout of the known
ATF4 upstream regulator HRI (heme-regulated elF20 kinase)
can induce moderate levels of HbF expression (Grevet et al.,
2018). We hypothesized that both HBB and HRI knockout may
induce globin synthesis by reducing ATF4 activity. This would
mark ATF4 as a master regulator whose level maintains globin
levels at homeostasis when a major globin becomes critically low.

ATF4 Represses HbF Expression

By western blotting, we found that ATF4 levels are decreased in
differentiated HBBko compared to WT cells (Figures 3A and
S3A). ATF4 is itself positively regulated by phosphorylation of
elF2q. via HRI. We also found decreased elF2a phosphorylation
(elF2a-P) in HBBko cells (Figure 3A). These data further support
our hypothesis that ATF4 and the ISR pathway are not upregu-
lated by free a-globin aggregates in the context of HBBko cells.
Instead, both HBB and HRI knockout may induce globin synthe-
sis by reducing ATF4 activity.

To exclude the possibility of clonal effects during isolation of
the HBBko clone, we tested whether ATF4 expression is
decreased during bulk RNP knockout of HBB using a different
guide RNA (e87; Figure 1B) than was used to generate HBBko.
After bulk editing of HBB of HUDEP-2 cells using the e87 guide
RNA and differentiation, we found decreased ATF4 expression
and increased y-globin by western blot (Figure S3B), gRT-PCR
(Figure S3C), and flow cytometry (Figure S3D). We further tested
whether the decrease in ATF4 after knockout of HBB was spe-
cific to loss of HBB or whether it applied to loss of other globins
as well. For this, we utilized HUDEP-1 cells, which normally ex-
press high levels of HBG and no HBB (Kurita et al., 2013). We
performed bulk HBG7/2 RNP knockout and observed a
compensatory increase in B-globin by western blot (Figure S3E)
but no difference in ATF4 expression. We note that basal ATF4
expression in untreated HUDEP-1 cells is low by western blot
(Figure S3E), which is consistent with a model that low levels
of ATF4 yields higher levels of y-globin. Overall, this suggests
that decrease of ATF4 expression is specific to loss of HBB.
Loss of HBG likely engages different pathways to upregulate
HBB, and whether these pathways are also involved in loss of
HBB is currently unknown.
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Taken together, our data suggest that reduction of B-globin
leads to a decrease in ATF4 expression via a paradoxical reduc-
tion of elF2a signaling. Reduced ATF4 leads to high levels of
v-globin in the context of HBB knockout.

Next, we developed two CRISPR-Cas9 genome editing strate-
gies to further assess whether ATF4 was involved in globin
homeostasis, specifically in fetal globin regulation, in cells that
predominantly express adult globin. First, we used a dual-guide
approach to excise the entirety of the ATF4 gene, starting from
the WT HUDEP-2 clone (Figure S3F). Two ATF4 knockout clones
resulting from total excision were named ATF4ko-1 and
ATF4ko-2 (Figure S3G). The knockout clones showed successful
knockout of ATF4 by western blotting, with no protein detected
even after treatment with cyclopiazonic acid (CPA), a drug that
increases ATF4 expression through induction of endoplasmic re-
ticulum (ER) stress (Figure S3H). Notably, ATF4ko-1 and
ATF4ko-2 were unable to undergo in vitro differentiation and
instead exhibited extensive cell death after 5 days in differentia-
tion media (Figure S3I). This suggests that complete loss of ATF4
is not well tolerated and is consistent with a known role of ATF4
as essential in erythroid differentiation (Masuoka and Townes,
2002; Suragani et al., 2012; Zhang et al., 2019).

Second, we explored N-terminal truncation mutants of ATF4
with separation-of-function properties (Steinmuller and Thiel,
2003). We found that dual guides targeted to remove most of
the first exon of ATF4 (Figure S3F) lead to reinitiation of trans-
lation at the next ATG in the second exon. This produces a
stable protein fragment of ~30 kDa lacking the N-terminal reg-
ulatory region but retaining the C-terminal dimerization and
DNA-binding domain (Figure S3H). We derived an edited clone
from WT HUDEP-2 s using the above strategy, naming it ATF4-
AN (Figure S3G). By ChIP-gPCR, we found that ATF4AN still
binds the ASNS promoter, but gqRT-PCR indicated that ATF4-
AN does not support transcription of ASNS (Figure S3J). ATF4-
AN was more highly expressed than WT ATF4 and no longer
induced by ER stress (Figure S3H). However, this may be offset
by the loss of ATF4AN’s transcriptional activation activity. By
contrast to ATF4ko-1 and ATF4ko-2, the ATF4AN clone was
still able to successfully differentiate as measured by high
live-cell numbers and successful globin expression after
5 days of culture in differentiation media (Figures S3I and
S3M). ATF4 has been found to heterodimerize with other tran-
scription factors, such as CCAAT-enhancer-binding proteins
(CEBPs) (Su and Kilberg, 2008). Therefore, while ATF4AN
may have reduced transcriptional activity, retention of ATF4’s
heterodimer partner activity could be sufficient for cell
differentiation.

We tested the globin status of the ATF4ko and ATF4AN cell lines.
Undifferentiated ATF4ko and ATF4AN cells expressed normal levels
of B-globin and slightly increased y-globin by intracellular FACS (Fig-
ures 3B and S3L) and western blot (Figure 3C). Strikingly, in vitro dif-
ferentiation of ATF4AN led to high levels of transcripts for HBB, HBE,
HBZ, and HBG (Figure S3M). This was reflected in increased
v-globin by intracellular FACS (Figures 3D and S3K). The global up-
regulation of globin expression with especially high levels of y-globin
upon differentiation of ATF4AN mirrors the response in differenti-
ated HBB knockout cells. These data indicate that ATF4 is involved
in repressing HbF in the undifferentiated state, and a lack of ATF4
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Figure 3. Endogenous Mutation of ATF4 Leads to Increased y-Globin in HUDEP-2 and K562 Cells

(A) Western blot of 5-day-differentiated WT and HBBko showing ATF4, elF2a, elF2a-P, B-globin, and y-globin. Biological triplicates are shown. Quantification is
shown in Figure S3A.

(B) Intracellular FACS for y-globin of undifferentiated HUDEP-2 cells comparing WT, HBBko, and ATF4 clones. Biological quadruplicates are quantified and
shown in Figure S3L.

(C) Western blot of undifferentiated WT, HBBko, and ATF4 mutant cells showing B-globin and y-globin levels.

(D) Intracellular FACS for y-globin of differentiated HBBko and ATF4AN cells as compared to WT (trace in gray). Biological triplicates are quantified in Figure S3K.
(E) Left: cell pellets from WT K562 and ATF4ko K562 cells. Right: western blot for B-globin and y-globin in WT and ATF4ko K562 clones. gRT-PCR confirmed loss
of ATF4 transcript in ATF4ko clones and increased HBG1/2 (Figure S3N).

(F) Western blot of k562 cells and ATF4ko.562-1,2 with doxycycline-inducible ATF4 constructs treated with 1 uM thapsigargin or 100 ng/mL doxycycline for 48 h
showing ATF4, B-globin, and y-globin.

(G) qRT-PCR of ATF4 and HBG1/2 in k562 cells and ATF4ko.562-1/2 cells. ATF4ko.562-1/2 have stable expression of doxycycline-induced ATF4 transgene.
Cells were treated with 100 ng/mL doxycycline for 48 h. The data are presented as mean + SD of three biological replicates. p value indicates paired, two-tailed
Student’s t test (ns, nonsignificant; *p < 0.05; **p < 0.01; **p < 0.001).

signaling in the differentiated state leads to upregulation of multiple  ask whether ATF4 is involved in basal HbF repression in other
globins that mimics the response to lack of HBB. cell types. We used CRISPR-Cas9 to remove the entire ATF4

The ability of ATF4 knockout or ATF4AN clones to modestly  gene from K562 erythroleukemia cells, which normally express
upregulate HbF in the undifferentiated state prompted us to no B-globin and moderate levels of y-globin. We generated
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Figure 4. Loss of B-Globin or ATF4 Downregulates BCL11A

(A) Western blot of HBBko and WT cells over the course of differentiation showing BCL11A, ZBTB7A, ATF4, B-globin, and y-globin.
(B) Western blot of 5-day-differentiated HUDEP-2 cells showing CRISPRi knockdown efficiency of BCL11A and B-globin, as well as resulting increases in y-globin

protein.

(C) Western blot of 5-day-differentiated WT, HBBko, and ATF4AN comparing BCL11A levels.

two different ATF4 knockout K562 cell lines that we termed
ATF4ko.562-1 and ATF4ko.562-2 using an analogous protocol
as for the HUDEP-2 ATF4 knockout lines (Figure S3F). We found
that both K562 ATF4 knockout lines became strikingly red and
expressed very high levels of y-globin but still failed to express
B-globin (Figure 3E), even when they were maintained in undiffer-
entiated culture conditions.

We next tested whether overexpression of ATF4 is sufficient to
prevent upregulation of HbF. We attempted to overexpress ATF4
in HUDEP-2 cells but were unsuccessful, as high levels of ATF4
were not well tolerated and induced cell death in this model (data
not shown). Instead, we stably expressed a doxycycline-induc-
ible ATF4 construct in ATF4 knockout K562 cells, which basally
express high levels of y-globin. This construct could not be used
in HUDEP-2 cells, which require doxycycline in their media. We
found that 48 h of doxycycline treatment led to high levels of
ATF4 and decreased y-globin and HBG transcript levels by
western blot (Figure 3F) and gRT-PCR, respectively (Figure 3G).

Loss of ATF4 Downregulates BCL11A

As a transcription factor, ATF4 could directly or indirectly regu-
late the expression of HBG1/2 and other globins. BCL11A and
ZBTBT7A (also known as LRF) are two transcriptional repressors
that directly repress fetal globin expression after birth. We asked
whether BCL11A and ZBTB7A are misregulated in our HBB
knockout model of Bo-stress or after loss of ATF4.

Examining the WT and HBBko time-course differentiation
RNA-seq data, we found that ATF4 transcripts were much lower
in HBBko in the undifferentiated state but stabilized to WT levels
after 5 days of differentiation. The expression of both BCL11A
and ZBTB7A were reduced in the HBBko line, with BCL11A
expression declining during differentiation and ZBTB7A remain-
ing at a consistent reduced level (Figure S4A). This corre-
sponded to reduced expression of BCL11A protein in HBBko
during differentiation (Figure 4A). A decrease in BCL11A also
provides a potential explanation for the observed increase inem-
bryonic globin transcripts in the HBBko line, as BCL11A binds to
the HBE and HBZ promoters (Liu et al., 2018; Xu et al., 2010).

Stable CRISPRi knockdown of BCL11A resulted in similar in-
creases in y-globin to knockdown of HBB, as measured by

FACS (Figure S4B). Knockout or knockdown of HBB also both
led to a decrease in BCL11A by western blot (Figure 4B). In the
undifferentiated state, the ATF4AN and ATF4ko-1 and ATF4ko-
2 expressed normal levels of BCL11A and ZBTB7A (Figure S4C).
However, after differentiation, the ATF4AN clone exhibited lower
levels of BCL11A protein (Figure 4C). HBB knockout and
reduced ATF4 signaling might therefore increase +y-globin
expression by directly or indirectly reducing levels of BCL11A
during differentiation. However, this is at odds with data from
K562 cells, which do not express BCL11A (Figure S4D) yet
dramatically increase HBG upon knockout of ATF4 (Figure 3D).

ATF4 Binding Is Attenuated in HBBko Cells Relative to
WT

To test whether ATF4 is directly involved in transcriptional regu-
lation of BCL11A, we performed endogenous ATF4 ChiP-seq in
various HUDEP-2 genetic backgrounds and differentiation states
to map ATF4 targets during hemoglobinization. In the undifferen-
tiated state, we performed ATF4 ChlIP-seq in WT, HBBko, and
ATF4ko (negative control) clones. After 5 days of in vitro differen-
tiation, we performed ATF4 ChiP-seq in WT and HBBko clones
and with an immunoglobulin G (IgG) isotype negative control in
the WT clone (since the ATF4ko clone cannot be differentiated).
We also performed ATF4 and IgG ChiIP-seq in the differentiated
ATF4AN clone, which verified that this ATF4 mutant retains a
WT binding profile on a genome-wide level (Figure S5A). Lastly,
we performed ATF4 ChIP-seq on human CD34" derived early
and late erythroblasts, with IgG as a negative control.

The overall number of ATF4 binding sites increased upon dif-
ferentiation in both primary human erythroblasts as well as differ-
entiated HUDEP-2 cells. (Figures 5A and S5B). This increase in
ATF4 binding further highlights the importance of ATF4 signaling
during erythroid differentiation.

Between all four experimental conditions in isogenically
controlled HUDEP-2 cells (WT undifferentiated, HBBko undiffer-
entiated, WT differentiated, and HBBko differentiated), we found
1,245 unique ATF4 ChiIP-seq peaks with an irreproducible dis-
covery rate (IDR) >2% and a signal value >30 over background
(ATF4 knockout or IgG control). Bona fide ATF4 binding sites
showed high read count and clear enrichment over background
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(A) Heatmap of ATF4 ChlP-seq showing fold change over each respective control for all peaks across samples. Differentiation increases ATF4 occupancy at most

identified binding sites.

(B) Unbiased motif discovery on ATF4 ChiIP-seq in primary human early erythroblasts identifies the ATF4 consensus sequence.
(C) Unbiased enrichment analysis of ATF4 ChIP-seq peaks present in both the undifferentiated and differentiated states against databases of transcription factor
targets. Example ATF4 ChIP-seq profiles are shown below, together with reference ENCODE DNasel hypersensitivity and H3K27Ac data. Lack of ATF4 signal at

the globin, BCL11A, and ZBTB7A loci is shown in Figures S6D-S6F.

(D) Unbiased enrichment analysis of ATF4 ChIP-seq peaks present in only the undifferentiated state.
(E) Unbiased enrichment analysis of ATF4 ChlP-seq peaks present in only the differentiated state.
(F) MACS?2 signal value for all ATF4 ChIP-seq peaks comparing WT to HBBko cells in the undifferentiated state. Example ATF4 ChIP-seq profiles are shown to the

right of each global ChlP-seq comparison.

(G) MACS?2 signal value for all ATF4 ChlP-seq peaks comparing WT to HBBko cells in the differentiated state.

(e.g., up to 255 reads and 85-fold enrichment at ASNS). Unbi-
ased motif discovery on these ChlP-seq peaks identified a cen-
tral ATF4 consensus site (Figures 5B and S5C), verifying the
quality of the datasets. Cross-comparison with our time-course
RNA-seq data revealed that ATF4 binding was associated with a
subset of well-expressed genes, and less ATF4 binding was pre-
sent at lowly expressed genes. This further indicates that the
identified ATF4 sites are involved in active transcription
(Figure S5D).

We used the four isogenically controlled HUDEP-2 ChIP-seq
datasets to identify new ATF4 binding sites that varied depend-
ing on differentiation status and HBB genotype. Unbiased
enrichment analysis against databases of transcription factor
targets or transcription factor ChlP-seq (Huang et al., 2009; Ku-
leshov et al., 2016) revealed clear patterns for several distinct
categories of ATF4 ChlP-seq peaks.

“Constitutive” ATF4 sites were defined as present regardless
of differentiation status in both WT and HBBko. Constitutive

8 Cell Reports 32, 107993, August 4, 2020

peaks were dominated by an ATF4 signal, validating our set of
ChIP-seq experiments against datasets in other cell contexts
(Figures 5C and S5E). “WT undifferentiated” ATF4 sites were
defined as at least 2-fold enriched in WT cells in the undifferen-
tiated state and not found in the differentiated state. WT undiffer-
entiated peaks were highly represented at targets and binding
sites of ATF4 partners that either form bZIP heterodimers with
ATF4 (e.g., CEBPs) or are part of the same family as ATF4
(e.g., ATF3) (Figures 5D and S5F). “WT differentiated” ATF4 sites
were defined as at least 2-fold enriched in WT cells in the differ-
entiated state and not found in the undifferentiated state. WT
differentiated peaks were unexpectedly represented at targets
and binding sites of transcription factors involved in hematopoi-
etic differentiation (e.g., GATA1/2 and ZBTB7A) but with no
known ATF4 partnership (Figures 5E and S5G).

ATF4 binding to GATA1 target genes implies that ATF4 coop-
erates with hematopoietic differentiation transcription factors at
their target genes, providing a rationale for ATF4’s requirement
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Figure 6. ATF4 Regulation within the HBS1L-MYB Intergenic Enhancer Region

(A) Top: ATF4 ChiP-seq tracks at the HBS1L-MYB intergenic enhancer region. An ATF4 peak is boxed in red. DNasel track is from previously published data in
CD34* primary cells (Neph et al., 2012). H3K27Ac track is from previously published primary erythroblasts (Xu et al., 2012). Bottom: zoomed in ATF4 ChlP-seq
tracks along with previously published LDB1 complex ChlP-seq track (Stadhouders et al., 2014). Numbers in blue correspond to characterized LDB1 regulatory
regions and indicate the number of kilobases upstream of the MYB gene (Stadhouders et al., 2014). An ATF4 peak containing an ATF4 consensus motif is boxed
in red.

(legend continued on next page)
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during hematopoietic differentiation. We compared our ATF4
ChIP-seq data to GATA1 ChIP-seq in primary human erythro-
blasts (Dunham et al., 2012) and identified 753 cases in which
ATF4 and GATA1 peaks are associated with the same gene
and are within 10 kb of one another (Figure S76A). Some of these
were cases of nonoverlapping regulatory regions in which the
same genomic target was associated with distinct ATF4 and
GATA1 peaks. A large proportion of putative co-regulatory sites
involved overlap between the ATF4 and GATA1 ChiP-seq signal
(871 of 2,766 total ATF4 peaks [13.41%]) (Figure S7A). Perform-
ing motif analysis with the ATF4 ChiP-seq peaks as an anchor,
we found that overlapping sites frequently harbor a GATA1
consensus motif either underneath or immediately adjacent to
the ATF4 peak (Figure S6B). Taken together, these data suggest
that ATF4 has unappreciated regulatory functions that overlap
those of the GATA1 hematopoietic transcription factor, and high-
light the importance of ATF4 in erythroid differentiation.

Returning to the role of ATF4 in loss of HBB, we found that
ChIP-seq signal at ATF4 binding sites was attenuated in HBBko
cells relative to WT in both the differentiated and undifferentiated
states (Figures 5F and 5G). Binding of ATF4 was particularly
reduced at several genes involved in the unfolded protein
response and feedback regulators of ATF4 (e.g., XBP1,
HSPA5/BiP, CREB3L1, EDEM1, ATF3, ATF6, RACK1, SEL1L,
and TRIB3). Many of these factors are not canonical ATF4 tar-
gets, but their expression levels were also reduced in RNA-seq
of differentiating HBBko cells (Figure S6C). These data are
consistent with downregulation of ATF4 levels and signaling in
HBBKko cells, despite increased a-globin aggregates in HBBko
cells.

ATF4 Binds the HBS1L-MYB Intergenic Enhancer

Region and Regulates MYB Expression

We were surprised to find no evidence of ATF4 binding anywhere
in the vicinity of the globin locus, BCL11A, or ZBTB7A, including
all known promoters and enhancers (Figures S6D-S6F). This
was true of all cells tested, regardless of genotype and whether
they were HUDEP-2 cells or CD34*-derived erythroblasts. Upon
further investigation, we instead found evidence of ATF4 binding
at an ATF4 consensus motif within the HBS71L-MYB intergenic
enhancer region (Figure 6A). This enhancer region is known to
regulate fetal globin expression, and MYB is an essential tran-
scription factor for erythropoiesis and hematopoiesis that regu-
lates fetal globin, BCL11A, and ZBTB7A (Bianchi et al., 2010;
Cavazzana et al., 2017; Jiang et al., 2006; Lettre et al., 2008;
Stadhouders et al., 2014; Thein et al., 2007; Wang et al., 2018).
The LDB1 erythroid transcription factor complex, which contains
GATAT1 (Soler et al., 2010), acts on the HBS1L-MYB intergenic
region at multiple sites (Stadhouders et al., 2014). The ATF4
peak identified here overlaps a DNasel hypersensitive site and
is directly adjacent to the —92 LDB1 site (Figure 6A). This adja-

Cell Reports

cency of an ATF4 peak to an LDB1 complex site in the HBSTL-
MYB intergenic region provides specific context to the global
co-occurrence of ATF4 and GATA1 peaks highlighted earlier
(Figures 5E, S6A, and S6B).

Having identified a previously unappreciated ATF4 binding site
in a known MYB regulatory region, we asked whether ATF4
levels and the loss of HBB affect MYB. Indeed, MYB expression
was greatly decreased after bulk Cas9 editing of HBB and differ-
entiation of HUDEP-2 cells (Figure 6B). MYB expression was also
decreased in differentiated ATF4AN HUDEP-2 cells as
compared to WT (Figure 6C) and in ATF4 knockout K562 cells
(Figure 6E). Significantly, doxycycline-induced expression of a
stable ATF4 transgene rescued MYB in the ATF4 knockout back-
ground (Figure S6G). By western blot, we observed that MYB
was downregulated in ATF4 knockout cells, and overexpression
of ATF4 rescued MYB levels while decreasing y-globin (Fig-
ure 6D). Since K562 cells do not express BCL11A, involvement
of the upstream multifunctional regulator MYB potentially ex-
plains how loss of ATF4 leads to upregulation of fetal globin in
this context. Taken together, our data indicate that reduced
ATF4 upregulates fetal globin through direct regulation of MYB
and indirect regulation of BCL11A.

DISCUSSION

Stress erythropoiesis results from a high erythropoietic drive and
is induced during anemias such as B-thalassemia. Cell-intrinsic
erythroid stress leads to upregulation of y-globin, but the path-
ways that mediate this phenomenon have remained unclear.
We found that Bo-stress caused by loss of B-globin in erythroid
precursors induces ATF4-mediated reprogramming that in-
cludes upregulation of several globins, including very high levels
of y-globin. ATF4 signaling is required to maintain levels of
BCL11A during differentiation, but ATF4 surprisingly does not
bind BCL11A or ZBTB7A or the globin locus. Instead, our data
support a model in which reduced ATF4 signaling during Bo-
stress regulates y-globin levels via MYB.

Translation of ATF4 mRNA is regulated by phosphorylation of
elF2qa, which is itself activated by several different kinases,
including HRI (Chen, 2014). Upon stress, the HRI pathway will
inhibit protein synthesis, which then promotes efficient transla-
tion of ATF4 mRNA. Knockout of HRI was reported to decrease
expression of BCL11A and increase expression of HBG (Grevet
et al., 2018). However, the link between HRI and BCL11A re-
mained undetermined. Our data suggest that a lack of HRI leads
to decreased elF2a-phosphorylation and reduction of ATF4 ac-
tivity, similar to what we observe for knockout of HBB. Deletions
of HRI, HBB, and ATF4 all lead to reduced BCL11A.

While our manuscript was under revision, a transcription-fac-
tor-focused CRISPR screen found that knockout of ATF4 upre-
gulates gamma globin (Huang et al., 2020). Our own work reveals

(B) qRT-PCR for MYB expression in bulk-edited and differentiated HUDEP-2 cells using guide HBB e87. The data are presented as mean + SD of six biological
replicates. p value indicates unpaired, two-tailed Student’s t test (***p < 0.0001).
(C) gRT-PCR for MYB expression in differentiated ATFAN compared to WT cells. The data are presented as mean + SD of three biological replicates. p value

indicates paired, two-tailed Student’s t test (*p < 0.05).

(D) Western blot of K562 and ATF4 knockout cells with a doxycycline-inducible ATF4 transgene showing ATF4, MYB, and y-globin. Cells were treated with or

without 50 ng/mL doxycycline for 5 days.
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why ATF4 might be reduced in the first place, and together, the
two results independently highlight ATF4 as a regulator of globin
expression. In contrast to our results, the other study found evi-
dence for ATF4 binding within the BCL71A +55 enhancer. While
we originally hypothesized that ATF4 directly regulates BCL11A,
none of our carefully controlled ATF4 ChlIP-seq datasets in
multiple genetic backgrounds and cell types supported this hy-
pothesis. Additionally, given that knockout of ATF4 increases
v-globin in K562 cells that do not express BCL11A, ATF4-medi-
ated regulation of yy-globin must not be solely dependent upon
BCL11A. Our data instead show that ATF4 binds the HBSTL-
MYB intergenic enhancer region, adjacent to an LDB1 erythroid
complex binding site. ATF4 binding at the HBS1L-MYB inter-
genic enhancer is also present, but not commented upon, in
the ChlIP-seq data from the study that suggested direct regula-
tion of BCL11A by ATF4 (Huang et al., 2020). Notably, ATF4
binds to the BCL11A intronic enhancer in both human and
mouse cells, but ATF4 only regulates y-globin in human cells
(Huang et al., 2020). Mice harbor several mutations that disrupt
the human HBST1L-MYB intergenic region ATF4 motif, and
ATF4 does not bind the intergenic region in murine G1-ER4 cells
by ChlIP-seq (Huang et al., 2020).

In human cells, we found that levels of MYB are responsive to
both HBB status and ATF4 genotype. MYB is a known regulator
of fetal globin on multiple levels, including BCL11A and ZBTB7A
(Bianchi et al., 2010; Cavazzana et al., 2017; Stadhouders et al.,
2014; Wang et al., 2018). We therefore suggest an alternative
model in which ATF4 directly regulates MYB to indirectly regulate
v-globin. Follow-up experiments will be needed to further unravel
the connections between ATF4 and MYB, as well as to test the dif-
ferential activity of the ATF4 upon MYB in mouse models.

We found that knockout of HBB or ATF4 leads to upregulation of
multiple globins, with HBG1/2 exhibiting the largest change, as well
as reductions in almost all known ATF4 targets. Overall, this sug-
gests that ATF4 signaling in response to loss of 3-globin is part of
a larger program to maintain high globin levels in differentiating
erythroid cells. The response to loss of B-globin could include
HRI-like signaling as well as additional facets. Knockout of HR/
has been suggested as a strategy to ameliorate anemic disorders
via re-expression of HbF (Grevet et al., 2018). Indeed, knockout or
CRISPRI of HBB leads cells to express remarkable levels of HBG1/
2, but the broad roles of ATF4 in processes other than erythropoi-
esis also suggest that this strategy should be pursued with caution.

The HRI-elF2aP-ATF4 axis represses globin synthesis under
low-heme or low-iron conditions in order to keep excess globins
in line with the availability of cofactors (Chen and Zhang, 2019;
Crosby et al., 2000; Suragani et al., 2012). Unfolded proteins
such as a-globin aggregates can also activate HRI-elF2aP-
ATF4, leading to the ISR and repression of protein synthesis.
ATF4 downstream of reduced HBB could therefore either be
activated by an unfolded protein response or attenuated by
reduced HRI activity caused by excess heme. While knockout
of HBB leads to the formation of «-globin aggregates, we para-
doxically found that ATF4 signaling is reduced. This suggests
that excess heme remaining after loss of HBB and intact HbA
plays a dominant role over a-globin aggregates to reduce
ATF4 activity. Indeed, supplementing K562 cells with hemin
leads to a reduction in MYB (Fuglerud et al., 2017). We found
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that lowered ATF4 activity reactivates globin synthesis, and the
formation of HbF could reduce the burden of accumulating a-
globin aggregates to allow coordination of cofactors and a return
to homeostasis. Our findings demonstrate that the HRI-elF2o.P-
ATF4 ISR is involved in adaptation to loss of HBB and that down-
regulation of the ISR induces embryonic and fetal globin gene
transcription. Downregulation of ISR by stress recovery has
also been found to increase the translational efficiency of
B-globin and y-globin. (Hahn and Lowrey, 2014). Taken together,
the ISR works cooperatively to increase B-like globin production
during Bo-stress.

The dramatic increase in y-globin caused by ex vivo reduction
in HBB raises the question of why B-thalassemia phenotypes are
not always ameliorated by ATF4-mediated globin compensa-
tion. B-Thalassemia patients can express high levels of HbF
over long periods of time (Galanello et al., 1989; Manca and Ma-
sala, 2008; Rochette et al., 1994), but this phenomenon is not
ubiquitous. Mouse models have indicated that the HRI-elF2aP-
ATF4 axis is protective against some forms of B-thalassemia,
at least in part by upregulating fetal globin (Han et al., 2005; Sur-
agani et al., 2012). This is at odds with observations that
knockout of HRI is protective against sickle cell anemia pheno-
types by inducing HbF (Grevet et al., 2018) and our own data
that knockout of ATF4 or reductions in ATF4 levels downstream
of HBB knockout both induce high levels of HbF. Since HRI-el-
F2aP-ATF4 is involved in the ISR in all cells, reductions in this
signaling axis might be negatively selected for during develop-
ment or otherwise compensated in individuals with B-thalas-
semia. In this case, developing a cell-type-specific approach
to disrupting the HRI-elF20P-ATF4 axis after birth (e.g., during
ex vivo editing of HSPCs) could be an important avenue for the
treatment of hemoglobinopathies. The molecular pathways we
find at work during ex vivo culture could also be quite different
during long-term function in vivo. We previously observed high
levels of HbF in HBB-edited long-term hematopoietic stem cells
(LT-HSCs) recovered after 4 months of xenotransplantation in
NBSGW  mice  (https://www.biorxiv.org/content/10.1101/
432716v6), but this does not conclusively address long-term
function in an individual with B-thalassemia. Determining the
long-term roles of the HRI-elF2aP-ATF4 axis in patient HSPCs
will be an important future step to further unraveling the mecha-
nisms of stress erythropoiesis.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human Fetal Hemoglobin APC Thermo Fisher Cat#: MHFHO05; RRID:AB_1500105
Anti-Human Fetal Hemoglobin FITC BD Pharmigen Cat#: 552829; RRID:AB_394480
Anti-Hemoglobin B-(37-8) Santa Cruz Biotechnology Cat#: SC-21757; RRID:AB_627713
rabbit anti-ATF4 CST Cat#: 11815S; RRID:AB_2616025
mouse anti-BCL11A Abcam Cat#: ab19489; RRID:AB_2063996
rabbit anti-LRF ThermoFisher Cat#: PA528144; RRID:AB_2545620
mouse anti-GAPDH D4C6R CST Cati#: 97166S; RRID:AB_2756824
Rabbit anti-GAPDH 14C10 CST Cat#: 2118S; RRID:AB_561053
Rabbit anti-Fetal-Globin Abcam Cat#: ab137096; RRID:AB_2861154
Rabbit anti-MYB D2R4Y CST Cat#: 12319S; RRID:AB_2716637
donkey anti-mouse IRDye 680CW Li-Cor Cat#: 926-32222; RRID:AB_621844
donkey anti-mouse IRDye 800CW Li-Cor Cat#: 926-32212; RRID:AB_621847
donkey anti-rabbit IRDye 680CW Li-Cor Cat#: 926-32223; RRID:AB_621845
donkey anti-rabbit IRDye 800CW Li-Cor Cat#: 926-32213; RRID:AB_621848
rabbit IgG Novus Biologicals Cat#: NBP2-24891; RRID:AB_2811130
Chemicals, Peptides, and Recombinant Proteins

Thapsigargin Sigma Cat#: T9033

dexamethasone Sigma Cat#: D4902-100MG

doxycycline Sigma Cat#: D9891-1G

human stem cell factor PeproTech Cat#: 300-07

erythropoietin Peprotech Cat#: 100-64

heparin Sigma Cat#: H3149-25KU

insulin Sigma Cat#: 12643-25mg

erythropoietin Peprotech Cat#: 100-64

holo-transferrin Sigma Cat#: T0665-100mg

mifepristone Sigma Cat#: M8046-100MG

Deposited Data

RNA-seq Data from HUDEP-2 NCBI-GEO GEO: GSE153768

Differentiation

ATF4 ChlIP-seq from HUDEP-2 and primary NCBI-GEO GEO: GSE153768

erythroblasts

Experimental Models: Cell Lines

HUDEP-2 CRISPRI This Study N/A

HUDEP-2 HBBko This Study N/A

HUDEP-2 ATF4DN This Study N/A

HUDEP-2 ATF4ko-1/2 This Study N/A

K562 ATF4ko.562-1/2 Gowen et al., 2015 N/A

K562 ATF4ko.562-1/2 pFG12 Doxycycline- Gowen et al., 2015 N/A

ATF4
HUDEP-2
HUDEP-1
K562

RRID:CVCL_VI06
RRID:CVCL_VI05
RRID:CVCL_0004

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Protospacer sequences for all CRISPR KO See Table S2

or CRISPRI experiments

gPCR primer sequences See Table S3

Primers for genotyping and knockout See Table S3

validation

Recombinant DNA

pEF1a-dCas9-HA-BFP-KRAB-NLS Liang et al. (2018) Addgene 102244

Software and Algorithms

Li-Cor’s ImageStudio software V5.2 Li-Cor https://www.licor.com/bio/image-studio/
Imaged NIH https://imagej.nih.gov/ij/
Adobe Photoshop CS6 Adobe https://www.adobe.com/
Adobe lllustrator CS6 Adobe https://www.adobe.com/
FloJo 10 BD https://www.flowjo.com/
Prism 6 GraphPad https://www.graphpad.com/

scientific-software/prism/

RESOURCE AVAILABILITY

Lead Contact
Stable cell lines generated in this study are available from the Lead Contact, Jacob Corn (jacob.corn@biol.ethz.ch) with a complete
Materials Transfer Agreement.

Material Availability
This study did not generate new unique reagents.

Data and Code Availability
The accession number for the RNA-seq data and the ChlIP-seq data reported in this paper is deposited at NCBI-GEO: GSE153768.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines

HUDEP-2 cell culture and differentiation

All cell culture was performed at 37°C in a humidified atmosphere containing 5% CO2. HUDEP-2 cells were cultured in a base me-
dium of SFEM (StemCell Technologies, Inc. 9650) containing to a final concentration of dexamethasone 1uM (Sigma D4902-100MG),
doxycycline 1Tug/ml (Sigma D9891-1G), human stem cell factor 50ng/ml (PeproTech 300-07), erythropoietin 50ng/ml (Peprotech 100-
64), and penstrept 1%. Cells were cultured at a density of 2e5 — 1e6 cells/ml. For differentiation, HUDEP-2 cells are centrifuged at
500 g for 5 minutes, media is removed and replaced with differentiation media. Differentiation media consists of a base media of IM-
DM+Glutamax (ThermoFisher 31980030) containing to a final concentration human serum 5% (Sigma H4522-100mL), heparin 21U/ml
(Sigma H3149-25KU), insulin 10ug/ml (Sigma 12643-25mg), erythropoietin 50ng/ml (Peprotech 100-64), holo-transferrin 500ug/ml
(Sigma T0665-100mg), mifepristone 1uM (Sigma M8046-100MG), and doxycyline 1ug/ml (Sigma D9891-1G). Cells are differentiated
for 5 days and then harvested for analysis.

K562 cell culture

All cell culture was performed at 37°C in a humidified atmosphere containing 5% CO2. K562 cells were grown in a base media of
RPMI 1640 GlutaMAX (GIBCO 61870010) supplemented with 10% fetal bovine serum, 10% sodium pyruvate, and 1% penstrept.
Cells were cultured at a density of 2e5 — 1e6 cells/ml. Stable expression of doxycycline-inducible ATF4 in K562 cells was generated
as described previously (Gowen et al., 2015).

HEK293T cell culture

All cell culture was performed at 37°C in a humidified atmosphere containing 5% CO2. HEK293T cells were grown in a base media of
DMEM supplemented with 10% fetal bovine serum, 10% sodium pyruvate, and 1% penstrept. Cells were cultured at a density of 2e5
—1e6 cells/ml.
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Primary Cell Cultures

mPB-HSPCs cell culture and differentiation

All cell culture was performed at 37°C in a humidified atmosphere containing 5% CO2. For editing for human CD34+ cells, CD34+
mobilized peripheral blood HSPCs were thawed and cultured in SFEM containing CC110 supplement (StemCell Technologies, Inc.
02697) for 2 days. CD34+ cells were then electroporated and recovered for 24 hours in SFEM with CC110. After recovery, cells were
transferred into erythroid expansion media containing SFEM and erythroid expansion supplement (StemCell Technologies, Inc.
02692) for 7 days and cultured at a density of 2e5-1e6 cells/ml. The resulting early erythroblasts were harvested for ChlP-seq or trans-
ferred to differentiation media containing SFEM with 50ng/ml erythropoietin, 3% normal human serum, and 1 uM mifepristone. The
resulting late erythroblasts were harvested for analysis after 5 days of differentiation.

METHOD DETAILS

Generation of CRISPRi HUDEP-2 cells

WT-HUDEP-2 or HBB ko cells were transduced with lentivirus containing the construct EF1a-dCas9-HA-BFP-KRAB-NLS (Liang
et al., 2018). The cells were FACs sorted for BFP expression and single-cell cloned. Individual clones were transduced with lentivirus
containing guide RNAs targeting either CD55, CD59, or HBB. The clones were validated for successful knockdown by flow cytometry
staining for extracellular markers CD55 and CD59 or intracellularly stained for B-globin.

Lenti-viral Packaging

Lenti-viral packaging of all constructs was performed using HEK293T cells. TransIT®-LT1 Transfection Reagent (Mirus) was used
following manufacturer’s instructions. The plasmid mixture contained 50% construct plasmid, 40%DVPR, and 10% VSVG. Viral su-
pernatant was harvested after 48 and 72 hours and filtered through 0.45 pM. For transduction of HUDEP-2 cells, cells were cultured in
50% HUDEP-2 media and 50% viral supernatant for 24 hours.

sgRNA Plasmid Cloning
sgRNA guide sequences for CRISPRI transcriptional repression were obtained from the Weissman CRISPRi-v2 library (Horlbeck
et al., 2016). The chosen guides were cloned into pGL1-library vector (Addgene 84832). All guides used are listed in Table S2.

Cas9 RNP Nucleofection
Cas9 RNP was performed as described previously (Lingeman et al., 2017). Briefly, IVT guides are purified and complexed with
purified Cas9-NLS protein. The nucleofection was performed using Lonza 4D-Nucleofector and using the P3 Primary Cell 96-well
NucleofectorTM Kit (V4SP-3096) following manufacturer’s instructions. The HUDEP-2 nucleofector code used was DD-100 and
for primary HSPCs ER-100.

IVT sgRNA

Guide RNAs were in vitro transcribed as described previously (Lingeman et al., 2017). Briefly, guide sequences were ordered as ol-
igonucleotides and formed into duplexes using a PCR thermocycler. The DNA template was transcribed to RNA using HiScribe T7
High Yield RNA Synthesis Kit (E2040S) following manufacturer protocol. The resulting RNA was purified using RNeasy Mini kit (74104)
and Rnase-Free Dnasel Kit (79254)

High Pressure Liquid Chromatography and Mass Spectrometry

WT-HUDEP-2 and HBBko cells were differentiated and harvested for lysis in hemolysate reagent containing 0.005M EDTA and
0.07% KCN at 10,000 cells per microliter. The lysis was incubated at room temperature for ten minutes and then centrifuged at
max speed for 5 minutes. The supernatant was collected and run on Agilent 1260 Infinity Il using a PolyCAT A column, 35x4.6mm
(3;1m;1500A) Serial# B19916E; Lot# 16-133-3 3.54CT0315. The following Buffer compositions were used: Mobile Phase A: 20mM
Bis-tris, 2mM NaCN pH 6.8 and Mobile Phase B: 20mM Bis-tris, 2mM NaCN, 200mM NaCl, pH 6.9. The following flow settings
were used: Gradient: 0-8’ 2%-25% Phase B, 8-18’ 25%-100% Phase B, 18-23’ 100%-2% Mobile Phase B using a Flow Rate:
1.5mL/min and measuring detection of 415nm Diode Array. Three fractions from the HBBko and one fraction from the WT samples
were collected and were then processed by the Proteomics group of Functional Genomics Center Zurich (FGCZ) for Proteolytic
digestion ZipTip and analysis by LC/MS. Briefly, 100ul of samples were digested with trypsin (5 ng/ul in 10 mM Tris/2 mM CaCl2,
pH 8.2) and 2 ul buffer (10 mM Tris/2 mM CaCl2, pH 8.2). Samples were microwaved for 30 minutes at 60C. The samples were dried,
dissolved in 20 ul 0.1% TFA and subjected to C18 ZipTip desalting. The eluted sample (10ul of 50% CAN, 0.1%TFA) was dried, dis-
solved in 20ul of 0.1% FA and transferred to autosampler vials for LC/MS/MS and 1ul was used for injection.

Intracellular FACs Staining

Staining was performed as adapted from the existing methods (Chung et al., 2019b). Briefly, undifferentiated or differentiated HU-
DEP-2 cells were centrifuged at 500 g for 5 minutes. The cells were washed with PBS with 0.1% BSA, re-centrifuged, and fixed in
0.05% glutaraldehyde. The fixed cells were centrifuged and washed and re-suspended in PBS with 0.1% BSA and 0.1% Triton
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X-100 for permeabilization. The fixed and permeabilized cells were then centrifuged and washed. Antibodies were diluted in PBS with
0.1% BSA and incubated with cells for 20 minutes. The following antibody dilutions were used: Human Fetal Hemoglobin APC
(Thermo Fisher MHFHO05) 1:10, Anti-Human Fetal Hemoglobin FITC 1:10 (BD Pharmigen 552829), and Anti-Hemoglobin B-(37-8)
PE/FITC 1:100 (Santa Cruz Biotechnology SC-21757 PE, SC-21757 FITC). After staining, the cells were centrifuged and washed
twice before analysis by flow cytometry.

RNA-Seq

WT-HUDEP-2 and HBBko cells were cultured and differentiated in triplicates. Cells were harvested and RNA was extracted using the
RNeasy Mini kit 74104, Rnase-Free Dnasel Kit 79254 and Qiashredder 79654. RNA concentrations were quantified using Qubit RNA
BR Assay (ThermoFisher) and 500ng were used for library preparation. RNA-seq library was made using lllumina TruSeq RNA Library
Prep Kit v2 and following manufacturer’s instructions. Paired-end 150bp reads were generated on a HiSeq4000. Reads for all eigh-
teen samples (three replicates of HBBko and three WT HUDEP-2 samples at three time-points) were quantified using kallisto (Bray
et al., 2016) and the hg38 index to assign reads to transcripts. Differential analysis of transcript abundance and consolidation of in-
dividual transcripts to gene-level abundance was calculated using sleuth (Pimentel et al., 2017).

qRT-PCR

RNA was harvested from cells using QIAGEN RNeasy Mini Kit and Rnase-Free Dnasel Kit following manufacturer’s instructions. RNA
was reverse transcribed to cDNA using Iscript Reverse Transcription Supermix (BioRad) and gRT-PCR reactions were set up using
SsoAdvanced Universal SYBR Green or SsoFast EvaGreen Supermix (BioRad). Reactions were run on the StepOne Plus Real-Time
PCR System (Applied Biosystems) or the QuantStudio 6 Flex (Thermo Fisher). Samples were analyzed using a two-step amplification
and melt curves were obtained after 40 cycles. The Ct values for genes of interest were normalized to GAPDH, and expressions of
genes are represented as 2-[ACt] or 2-[AACt] for fold change over control condition. All primers used for qRT-PCR are listed in Table
S2.

ChIP-qPCR

ChIP was performed as described previously (Wienert et al., 2019). Briefly, 10 million cells per sample were harvested and cross-
linked in 1% Formaldehyde. Cross-linking was quenched with the addition of 1.5M glycine. Samples were then lysed for 10 minutes
at 4C in 50 mM HEPES-KOH, pH 7.5; 140 mM NaCl; 1 mM EDTA; 10% glycerol; 0.5% NP-40 or Igepal CA-630; 0.25% Triton X-100.
Cells were then centrifuged at 1500 g for 3 minutes and the supernatant was discarded. The pellet was resuspended in 10 mM Tris—
HCI, pH8.0; 200 mM NaCl; 1 mM EDTA; 0.5 mM EGTA and incubated for 5 minutes at 4C. The cells were then centrifuged at 1500 g for
3 minutes and the supernatant was discarded. The pellet was resuspended in 10 mM Tris—HCI, pH 8; 100 mM NaCl; 1 mM EDTA,;
0.5 mM EGTA; 0.1% Na-Deoxycholate; 0.5% N-lauroylsarcosine and sonicated using the Covaris S220 following manufacturer’s
instructions. Protein A beads (ThermoFisher) were complexed with antibody and the antibody-bead complexes were incubated
with cell lysates at 4C overnight with rotation. The antibodies used were rabbit anti-ATF4 (CST 11815S) and rabbit IgG (Novus Bi-
ologicals NBP2-24891). The beads were retrieved using a magnetic stand and rinsed with RIPA buffer. Elution buffer containing
50 mM Tris-HCI, pH 8; 10 mM EDTA; 1% SDS was added to the beads for reverse crosslinking at 65C overnight with shaking. After
reverse crosslinking, the beads were removed. The eluted DNA was treated with RNaseA and Proteinase K and then purified using
QIAGEN MinElute PCR Purification Kit, following the manufacturer’s instructions. Q-PCR reactions were set up using SsoAdvanced
Universal SYBR Green or SsoFast EvaGreen Supermix (BioRad). Reactions were run on the StepOne Plus Real-Time PCR System
(Applied Biosystems) or the QuantStudio 6 Flex (Thermo Fisher). The Ct values were analyzed by the enrichment compared to input
method.

ChiP-seq

ChlIP was performed as described in ChIP-gPCR method section. Sequencing library was prepared using NEBNext Ultra [| DNA Li-
brary Prep Kit for lllumina (E7647) and NEBNext Multiplex Oligos for lllumina (Dual Index Primers Set 1) following manufacturer’s
instructions.

Paired-end 150bp reads were generated on an lllumina NextSeq500 at the Functional Genomics Center Zirich (FGCZ) and demul-
tiplexed. FastQC (a quality control tool for high throughput sequence data. http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/) was used for initial quality control of reads. All samples, WT diff and undiff, HBBko diff and undiff, HSPC diff and undiff, ATF4-
AN diff, ATF4KOS3, and IgG and HSPC IgG diff and undiff, were processed according to ENCODE guidelines for unreplicated tran-
scription factor ChIP-seq analysis

(Landt et al., 2012). In detail, raw reads were aligned against GRCh38 using bowtie2. Duplicate reads were marked using Picard’s
MarkDuplicates and multimapping, low quality, duplicated and non-properly paired reads were removed. Library complexity mea-
sures and flagstats were generated for each BAM file. BAM files were converted to tagAlign format and two subsampled pseudor-
eplicates were generated for each sample with half the total reads. Peak calling, fold change and p value signal tracks were generated
using MACS2 (Zhang et al., 2008). Irreproducible Discovery Rate (IDR) analysis was performed using self-pseudoreplicates and the
main samples to obtain self-consistent sets of peaks. Final peak calls were filtered by ENCODE blacklist (Amemiya et al., 2019) and
an IDR of 2% and a signal value > 30.
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Sets of peaks for each comparison were analyzed and associated to genes using the R package ChlPseeker (Yu et al., 2015) and
Bioconductor hg38 TxDb (Team BC, Maintainer BP, 2019). TxDb.Hsapiens.UCSC.hg38.knownGene: Annotation package for TxDb
object(s). R package version 3.4.6.). ChlP-seq peaks and RNA-seq results were merged using HGNC symbols using custom scripts.
Figures were generated using the Integrative Genome Viewer (Robinson et al., 2011) and the UCSC Genome Brower (Kent et al.,
2002). MEME-ChIP v5.1.1 (Machanick and Bailey, 2011) was used for motif discovery using peak boundaries +-250bp. FIMO
v5.1.1 (Grant et al., 2011) was used to identify motif occurences for ATF4 (JASPAR matrix ID: MA0833.1) and GATA1 (JASPAR matrix
ID: MA0035.4) with a p value less than 0.0001.

Western Blot

Cells were harvested and lysed using RIPA buffer (Millipore) supplemented with Halt Protease Inhibitor Cocktail (ThermoFisher) and
Phosphatase Inhibitor (ThermoFisher). Cell lysate concentrations were measured using Bradford reagent (VWR) or BCA assay (Ther-
moFisher). Cell lysates were normalized using NuPage LDS 4x Sample Buffer (Invitrogen) and samples were run on NU-PAGE Noves
Bis-Tris 4%-12% gels (Invitrogen) in NuPAGE MES SDS Running Buffer at 180V for 40 minutes. Protein gels were transferred to a 0.4-
um nitrocellulose membranes at 1.3 A and 25 V for 15 to 20 minutes in a semi-dry apparatus (BioRad). After protein transfer,
membranes were blocked in Tris-buffered saline with 1% Tween-20 (TBS-T) containing 5% nonfat milk for 30 minutes at room tem-
perature with rocking. Primary antibodies were diluted in TBST containing 5%BSA and 0.1% sodium azide. The following antibody
concentrations were used: rabbit anti-ATF4 (CST 11815S) 1:1000, mouse anti-BCL11A (Abcam ab19489) 1:1000, rabbit anti-LRF
(ThermoFisher PA528144) 1:1000, mouse anti-GAPDH D4C6R (CST 97166S) 1:1000, Rabbit anti-GAPDH 14C10 (CST 2118S)
1:1000, Mouse anti-B-Globin (SCBT sc-21757) 1:500, Rabbit anti-Fetal-Globin (Abcam ab137096) 1:1000, Rabbit anti-MYB
D2R4Y (CST 12319S) 1:1000. Membranes were rinsed in TBST and incubated with antibody for 2 hours at room temperature or
4C overnight with rocking. After incubation, membranes are rinsed twice with TBST for 5 minutes. Secondary antibodies are diluted
in 1% Tween-20 (TBS-T) containing 5% nonfat milk and incubated at room temperature for 30 minutes with rocking. The secondary
antibodies used for western blotting were obtained from Li-Cor and are as follows: donkey anti-mouse IRDye 680CW (926-32222),
donkey anti-mouse IRDye 800CW (926-32212), donkey anti-rabbit IRDye 680CW (926-32223), and donkey anti-rabbit IRDye 800CW
(926-32213). Membranes are then rinsed twice with TBST for 5 minutes each. Membranes are rinsed with PBS for 5 minutes and then
imaged using Li-Cor Odyssey CLx.

QUANTIFICATION AND STATISTICAL ANALYSIS
All analysis was performed using data from at least three independent biological replicates (exact number of replicates are stated in
the figure legend). All statistical analyses were performed in PRISM6 software using paired Student’s t test. P values are indicated as

follow: * < 0.05, ™ < 0.01, ™ < 0.001, ** < 0.0001. The distribution of the data was assumed to be normal, but this was not formally
tested.
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Supplement Figure 1 (related to Figure 1)

A) Schematic showing the e66 (g5) guide location in HBB, with the cut site indicated by a black line. The HBBko clone was geno-
typed by TA cloning of the HBB locus followed by Sanger sequencing. Two alleles were found: a 5- and 7-basepair deletion. B)
Flow cytometry plots showing forward and side scattering of WT and HBBko over the course of 5 days in differentiation media.
Cells were stained for CD235a (Glycophorin A) and shown as dot plots and overlaid histograms to compare WT to HBBko during
differentiation in red and blue, respectively. IgG isotype control trace is in gray. C) qRT-PCR of HBB in undifferentiated and differ-
entiated cells comparing transcript expression levels between WT and HBBko cells. P value indicates paired, two-tailed student t
test (ns, non-significant; *, P < 0.005). D) Editing efficiency of the panel of HBB guides in HUDEP-2 cells as measured by TIDE
analysis. E) Mobilized peripheral blood CD34+ cells from a healthy donor were edited with a subset of the HBB guides, recovered
in erythroid expansion media, differentiated for 5 days, and analyzed for gRT-PCR for HBB and HBG 1/2 for (n=2) technical
replicates for one healthy donor. Editing efficiency was measured by TIDE. F) Data from healthy donor 2. G)Total cell counts of
edited CD34+ cells during recovery in erythroid expansion media. Data is shown as the mean £ SEM of (n=2) technical replicates
for one healthy donor. H) Total cell counts of edited CD34+ cells after 5 days of differentiation. Data is shown as the mean + SD of
(n=2) technical replicates for one healthy donor. I) HBBko CRISPRI cell line was validated using guides targeting CD55 and CD59.
FACs staining was used for validating knockdown of the cell marker. WT-CRISPRI cell line was validated using an HBB guide and
differentiated and intracellularly stained for B-globin protein and compared to non-targeting guide. J) qRT-PCR of HBB and HBG1/2
for CRISPRi knockdown of HBB in WT differentiated cells. Data is shown for one replicate. K) gRT-PCR of HBB and HBG1/2 from
pooled knockout of HBG1/2 in HUDEP-1 cells. N=2 technical replicates are shown as mean.



Undifferentiated WT vs HBBko 48hr WT vs HBBko

© — © -
© -

<
< -

o HBE1 HeG1  HBZ

HBA2
2 2
o o
2 8
] -
<
I
©o _J
|
P - ®-
r T T T 1 T T T T T 1
0 5 10 15 20 0 5 10 15 20 25
mean obs [log2] mean obs [log2]
B i
2
: 3 C
E 5
5 e
; P —_ =
Wrunditt 1 B § T = = Q
S 3 z 24 g
WTUndiffrz 1 1 & S g | =S F o
g 5 g "
WT Undiffr3 098 097 1 @ S 2 o © o
2 i 2 . 2
HBBKo Undiffr1 098 0.98 094 1 & S 5 2 &
2 o | e o
HBBKo Undiff 2 098 098 094 1 1 @ ¢ £ £ T
L 3 8 3
) ~ o I S o
HBBlo Undiffr3 098 098 094 1 1 1 & o = 5 N
8 8 g | 8
WT2drl 055 054 0.68 0.43 044/ 1 [ i 9
wrodr s & s E T T T T T E i T T T T T
058|083 0.88 TE S . 80 -20 -10 0 10 30 -20 -10 0 10
WT2dr3 05 049 064 1 1 B R
T % <] HBBko 0d [log2(mean(3 repl. TPM))] HBBko 2d [log2(mean(3 repl. TPM))]
HBBko2dr1 064 0.63 0.7 063 0.63 064079 078076 1 2 &
o
)
HBBko2dr2 0.65 0.63| 0.7 0.64 0.63 0.65 0.8 079 0.77 1 1 % T
o
wn
HBBKo 2d3 0.62 061 0.68 061 0.61/0.62 08 079077 1 1 |1 & o
8 =
WT 5d r1 05 097 0.7 098 066 067 068 1 £ @ s
Bz E e
WT 5d r2 0.51 0.97 0.97 0.98 0.66 0.67 0.68 L =
23 g o
WT 5d 13 05 0.97 0.97 0.98 0.65 0.66 0.67 1 1@ ; - I3
= o
HBBko 5d r1 072 071 072 0.91 09 092 0.68 0.68 0.67 1 % E g o
X =2
HBBko 5d r2 072 0.71 072 091 09 091 068 068 0.67 1 1 % ‘é; ﬁl
HBBko 5d r3 072 071 072 09 09 091 068 068 067 1 1 1 E ]
I
correlation T T T T T
coefficient
-1 -0.8 -06 -0.4 -0.2 0 0.2 0.4 0.6 08 1
HBBko 5d [log2(mean(3 repl. TPM))]
CRISPRi-HBBko qPCR: SMG6 qPCR: XRN1 qPCR: HBG1/2
100 1.0 1.0-
= [ [
=z =2 =z
< 5 5 ]
=) >
= 3 3 ]
[ ) e
w504 S 0.5 2 0.5 2
2 © © ©
I < < =
) o o o
) e} k=] =
© ©° 2
w s
0- 0.0- 0.0-
& o © N & © & N S N & D
> O > 9 >
& & N & s & &L & £
CRISPRI guide CRISPRI guide CRISPRI guide CRISPRI guide

Supplement Figure 2 (related to Figure 2)

A) MA plots of RNAseq data for undifferentiated cells and 2 day differentiation, with globin genes highlighted.

B) Pearson correlation matrix of RNAseq samples, highlighting inter-condition reproducibility and differences between conditions.
C) Pearson correlation analysis of RNAseq data comparing WT to HBBko at three different time points of differentiation

D) Leftmost panel shows quantified intracellular flow staining of y-globin for HBBko CRISPRI cells expressing either non-targeting,
HBG1/2, SMG6, or XRN1 guide. Right three panels show qRT-PCR for SMG6, XRN1, or HBG1/2 for knockdown validation.
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Supplement Figure 3 (related to Figure 3)

A) Quantification of western blot from Fig 3A. The data is shown as the mean + SD of 3 biological replicates. P value indicates paired, two-tailed student t test (*, P
<0.05; **, P £0.005; ***, P < 0.001). B) HUDEP-2 cells were pool-edited with HBB guide €87 (g10) and differentiated for 5 days. Western blot shows ATF4 and
y-globin. The image shows 3 biological replicates and is from the same blot with the solid line indicating irrelevant conditions removed. C) gRT-PCR of ATF4, HBB,
and HBG1/2 from HBB pooled editing and 5 day differentiated HUDEP-2 cells from A). Data is shown as six biological replicates. P value indicates unpaired,
two-tailed student t test (****, P < 0.0001). D) Intracellular Flow cytometry staining for HbA and HbF from pooled editing and 5 day differentiated HUDEP-2 cells from
A). P value indicates unpaired, two-tailed student t test (****, P < 0.0001). Data is shown as six biological replicates. E) HUDEP-1 cells were edited with guide
targeting HBG1/2 and differentiated for 5 days. Western blot shows ATF4, -globin, and y-globin. The image is from the same blot with the dotted line indicating
irrelevant conditions removed. F) Schematic of ATF4 with sgRNAs used for generation of ATF4 knockouts and ATF4AN. See Table S2 for all guide sequences. G)
PCR genotyping of ATF4ko-1 and ATF4ko-2 clones. Top panel shows PCR amplification using primers outside the cut region. Successful ATF4 deletion is indicated
by ~500 base pair fragment. Unsuccessful deletion results in failure of PCR amplification due to the large size. Lower panel shows PCR amplification of a region
within the ATF4 gene. Successful deletion of ATF4 is indicated by no amplification. Right panel: PCR genotyping of ATF4AN using primers flanking the ATF4AN cut
sites. TA-cloning and Sanger sequencing revealed one 398- and one 415-basepair deletion for the ATF4AN clone. H) Western blotting for ATF4 of WT and ATF4
mutant clones treated with 40nM cyclopiazonic acid (CPA) for 16 hours. ATF4AN removes the amino terminal regulatory region but retains the C-terminal DNA
binding domain. I) Flow cytometry plots of forward and side scatter 5 days post differentiation of WT, HBBko, ATF4AN, ATF4ko-1, and ATF4ko-2. Right panel shows
percentages of differentiated cells as the mean + SD of 3 biological replicates. J) ATF4 CHIP-qPCR for the ASNS promoter region shows ATF4 binding at WT and
ATF4AN and loss of binding for ATF4ko-1 and ATF4ko-2 in undifferentiated cells. The data is shown as one replicate. Right panel shows gRT-PCR on differentiated
cells for ASNS. The data is shown as the mean + SD of 3 biological replicates. P value indicates paired, two-tailed student t test (ns, non-significant; *, P < 0.05). K)
Quantification of intracellular FACs staining of differentiated WT, HBBko, and ATF4AN cells. Data is presented as mean + SD of 3 biological replicates. P value
indicates paired, two-tailed student t test (ns, non-significant; ***, P < 0.001; ****, P < 0.0001). L) Quantification of intracellular FACs staining of undifferentiated WT,
HBBko, ATF4AN, and ATF4ko cells. Data is presented as mean + SD of 4 biological replicates. P value indicates paired, two-tailed student t test (ns, non-significant;
*, P £0.05; **, P £0.005). M) gRT-PCR of globin gene expression relative to GAPDH for differentiated WT, HBBko, and ATF4AN. Data is presented as mean + SD
of 3 biological replicates. P value indicates paired, two-tailed student t test (ns, non-significant; *, P < 0.05; **, P < 0.005; ***, P < 0.001) N) gRT-PCR of ATF4 and
HBG1/2 relative to GAPDH in K562 WT cells and two K562 ATF4 knockout clones. Data is presented as mean + SD of 3 biological replicates. P value indicates
paired, two-tailed student t test (*, P < 0.05; **, P < 0.005; ***, P < 0.001).
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Supplement Figure 4 (related to Figure 4 and 5)

A) ATF4, BCL11A, and ZBTB7A transcript levels in HBBko HUDEP-2 cells are shown as log2 fold change relative to WT cells
undifferentiated, after 2 days of differentiation, and after 5 days of differentiation.

B) Top panel shows intracellular FACs staining of differentiated cells for HbA and HbF in WT CRISPRI cells with guides against
non-targeting, BCL11A, and HBB. Lower panel shows quantified data as mean + SD of 3 biological replicates. P value indicates
paired, two-tailed student t test (ns, non-significant; ***, P < 0.001; ****, P < 0.0001).

C) Western blot of undifferentiated WT, HBBko, ATF4AN, and ATF4ko cells.

D) Western blot of K562 WT, ATF4ko.562-1 and ATF4ko.562-2 for BCL11A expression. Image is from the same blot with the black
line indicating irrelevant conditions removed.
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Supplement Figure 5 (related to Figure 5)

A) Heatmap showing ATF4 ChiIP-seq fold change over control for all peaks across samples. ChiP-seq samples shown are differenti-
ated WT and ATF4DN. B) Venn diagrams showing overlap of high confidence ATF4 peaks between WT undifferentiated and differ-

entiated (left) and between primary early erythroblasts and late erythroblasts (right). C) Unbiased motif discovery (MEME) for
ChlIP-seq samples WT and HBBko undifferentiated and differentiated for identification of the consensus sequence. D) ATF4

ChIP-seq signal enrichment in WT HUDEP-2 cells and corresponding RNA-seq log2 TPM values. E) CHAC1 raw read coverage for
ATF4 ChIP-seq. Tracks show library size normalized tags per million (TPM) coverage of WT undiff and diff, HBBko undiff and diff,
ATF4KO3 undiff and IgG data. DNase signal and H3k27ac tracks show reference ENCODE data from K562 cells. Annotation tracks
show GENCODE v32 gene annotation and transcription start site annotation from refTSS v3.1 F) C160rf72 raw read coverage for

ATF4 ChIP-seq. G) IGF2R1 raw read coverage for ATF4 ChiIP-seq.
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Supplement Figure 6 (related to Figure 5 and 6)
A) Distances between ATF4 and GATA1 peaks annotated as binding at the same gene. ATF4 peaks with a GATA1 peak within
10kb (n=753, outer panel) or within 1kb (n=434, inner panel) between peak centers are shown. Distances for overlapping ATF4
and GATA1 peaks are shown in blue (n=371), non-overlapping peaks that are still adjacent to the same gene are shown in orange

(n=382).

B) Motif occurrences in overlapping ATF4 and GATA1 peaks. Centered ATF4 peak regions are shown (black solid lines) with
500bp extensions on both sides (dotted lines) for 44 ATF4 peaks that overlapped with GATA1 peaks. FIMO v5.1.1 was used to
identify motif occurrences for ATF4 (JASPAR matrix ID: MA0833.1) and GATA1 (JASPAR matrix ID: MA0035.4) with a p-value less
than 0.0001. ATF4 motif occurrences are shown in brown, GATA1 motif occurrences in blue.
C) Transcript levels of UPR targets in HBBko HUDEP-2 cells are shown as log2 fold change relative to WT cells undifferentiated,
after 2 days of differentiation, and after 5 days of differentiation.
D) ATF4 ChlP-seq enrichment tracks for the globin locus. DNAse signal is from previously published primary human CD34+ cells
(Neph et al., 2012). H3k27ac tracks show reference ENCODE data from K562 cells.
E) ATF4 ChIP-seq fold enrichment tracks for the BCL11A locus.
F) ATF4 ChlP-seq fold enrichment tracks for the ZBTB7A locus.
G) gqRT-PCR for MYB expression in K562 and ATF4ko.562-1/2 with doxycycline-inducible ATF4 constructs treated with 100ng/ml
doxycycline for 48 hours. The data is presented as mean + SD of three biological replicates. P value indicates unpaired, two-tailed

student t test (ns, non-significant; **, P 0.005).



Table S1: Mass Spectrometry Spectrum Counts from HPLC elutions, Related to Figure 1.
Peaks 1, 2, and 3 are elutions from differentiated HBBko cells at 5 minutes, 7 minutes, and 7.5

minutes, respectively. Peak 4 is the elution from differentiated WT cells at 10 minutes.

Alternate ID | Molecular | Peak 1 Peak 2 Peak 3 Peak 4
Weight

HBA1 15 kDa 31 88 108 224
HBB 16 kDa 8 15 20 278
HBB 16 kDa 4 7 6 186
HBD 16 kDa 2 4 7 7
HBG2 16 kDa 43 146 79 10
HBG2 16 kDa 9 30 14 2
HBGI1 16 kDa 8 18 10 1
GPI 63 kDa 0 0 12 39
GOT2 48 kDa 0 10 23 2
TUBAIA 50 kDa 13 10 6 3
RACK1 35 kDa 3 2 14 12
ENOI1 47 kDa 0 5 9 17
ENOI1 47 kDa 0 4 7 15
ENO2 47 kDa 0 0 0 1
GMPS 77 kDa 0 16 12 0
PPIA 18 kDa 14 12 2 0
CA2 29 kDa 13 5 4 5
PEBP1 21 kDa 19 5 3 0
FSCNI1 55 kDa 0 2 12 12
RPL7 29 kDa 9 10 3 2
TUBB 50 kDa 8 7 5 4
TUBB 50 kDa 2 2 1 1
TUBB4B 50 kDa 1 1 1 0
EEF1A1 50 kDa 9 6 6 2
HSPAS 71 kDa 7 6 6 3
PSMA7 28 kDa 4 7 4 7
MDHI1 36 kDa 13 6 2 0
CFL1 19 kDa 9 4 5 2
FH 55 kDa 7 10 2 0
RPL6 33 kDa 10 7 2 0
UROD 41 kDa 0 5 13 0
HIST1H4A 11 kDa 6 7 3 2
GARS 83 kDa 0 2 0 15
TKT 68 kDa 0 0 0 17




Table S2: CRISPR/Cas9 and CRISPRIi sgRNA sequences used in this study, Related to

STAR methods sections on sgRNA Plasmid Cloning and IVT sgRNA.

Construct Protospacer Source

pLG1-puro HBB gl TAGACCACCAGCAGCCTAA Horlbeck et al. 2016
sgRNA

pLG1-puro HBB g2 GAACTTCAGGGTGAGTCTA Horlbeck et al. 2016
sgRNA

pLG1-puro Non-targeting | | CGCCAAACGTGCCCTGACGG | Horlbeck et al. 2016
sgRNA

pLG1-puro Non-targeting 2 | GCTCGGTCCCGCGTCGTCG Horlbeck et al. 2016
sgRNA

pLG1-puro BCL11A gl GCTTGCGGCGAGACATGGT Horlbeck et al. 2016
sgRNA

pLG1-puro BCL11A g2 GAGAGCCGGGTTAGAAAGA | Horlbeck et al. 2016
sgRNA

pLGl1-puro SMG6 sgRNA | ctccteccecgeteggecect Horlbeck et al. 2016
pLG1-puro XRN1 sgRNA | CTCGAAAGCCCCAGCTCTA Horlbeck et al. 2016
pLGI1-puro CD55 sgRNA | GCTGCGACTCGGCGGAGTCC | Horlbeck et al. 2016
pLG1-puro CD59 sgRNA | GCGCAGAAGCGGCTCGAGGC | Horlbeck et al. 2016
€66 (g5) CATGGTGCATCTGACTCCTG | DeWitt et al. 2016
e87 (gl10) CTTGCCCCACAGGGCAGTAA | DeWitt et al. 2016
161 TGGTATCAAGGTTACAAGAC | This Study

251 GGGTGGGAAAATAGACCAAT | This Study

€297 TGGTCTACCCTTGGACCCAG | This Study

e334 GCCCATAACAGCATCAGGAG | This Study

e383 GCTCATGGCAAGAAAGTGCT | This Study

€439 CAGCTCACTCAGTGTGGCAA | This Study

el353 CACAGACCAGCACGTTGCCC | This Study

el427 GCAGGCTGCCTATCAGAAAG | This Study
ATF4dN gl AGTCCCGCCTCATAAGTGGA | This Study
ATF4dN g2 ATCCCACCAGGACGATG This Study

ATF4 sgRNA 2 CTCGTCACAGCTACGCCCT Gowen et al. 2016
ATF4 sgRNA 3 TGGCCAACTATACGGCTCCA | Gowen et al. 2016




Table S3: Primers for qRT-PCR, ChIP-qPCR, and amplification for genotyping and
knockout validations, Related to Star Methods sections on qRT-PCR, ChIP-qPCR, and
Cas9 RNP Nucleofection.

Primers for qRT-PCR

Target Forward Reverse

HBB TGTCCACTCCTGATGCTGTTATG GGCACCGAGCACTTTCTTG
HBG1/2 | CCTGTCCTCTGCCTCTGCC GGATTGCCAAAACGGTCAC
HBA GGGTGGACCCGGTCAACTT GAGGTGGGCGGCCAGGGT
HBE TGCTGAGGAGAAGGCTGCCG TGGGTCCAGGGGTAAACAACGAGG
HBZ GAGGACCATCATTGTGTCCA AGTGCGGGAAGTAGGTCTTG
GAPDH | CAACAGCGACACCCACTCCT CACCCTGTTGCTGTAGCCAAA
SMG6 GCACGCATGGTGAACAGAAA TGTTCAGCTCTCATTCTCGTCC
XRNI1 TGGCTTACTGGTACATGGGC TCATGCCTAAGGAGCCCAAC
ASNS ACTGGCTGCTAGAAAGGTGG GCCTGAATGCCTTCCTCAGA
MYB CGCAGCCATTCAGAGACACT GCTGCATGTGTGGTTCTGTG
Primers for ChIP-qPCR

ASNS ATGATGAAACTTCCCGCACG GGGATGTGGACAGCTTGACG
promoter

Primers for knockout validation and genotyping

ATF4 CATTCCTCGATTCCAGCAAAGC TGAGTGATGGGGCCAAGTGAG
WT for

ATF4 CGTCCTCGGCCTTCACAATA TCTTCAGGATGAGGCTTCTGC
knockout

for

ATF4DN | CCT GGT CTC CGT GAG CGT C CATCCAATCTGTCCCGGAGAAGG
HBB ATG CTT AGA ACC GAG GTA GAG | CCTGAG ACT TCC ACA CTG ATG
exon 1-2 | TTT

HBB AGGCAGAATCCAGATGCTCAAGGC | GCA CGT GGA TCC TGA GAACTT

exon 3

CAG




	CELREP107993_annotate_v32i5.pdf
	ATF4 Regulates MYB to Increase γ-Globin in Response to Loss of β-Globin
	Introduction
	Results
	Loss of HBB Leads to Upregulation of γ-Globin
	HBB Knockout Cells Reduce an ATF4-Mediated Transcriptional Response during Differentiation
	ATF4 Represses HbF Expression
	Loss of ATF4 Downregulates BCL11A
	ATF4 Binding Is Attenuated in HBBko Cells Relative to WT
	ATF4 Binds the HBS1L-MYB Intergenic Enhancer Region and Regulates MYB Expression

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead Contact
	Material Availability
	Data and Code Availability

	Experimental Model and Subject Details
	Cell Lines
	HUDEP-2 cell culture and differentiation

	K562 cell culture
	HEK293T cell culture
	Primary Cell Cultures
	mPB-HSPCs cell culture and differentiation


	Method Details
	Generation of CRISPRi HUDEP-2 cells
	Lenti-viral Packaging
	sgRNA Plasmid Cloning
	Cas9 RNP Nucleofection
	IVT sgRNA
	High Pressure Liquid Chromatography and Mass Spectrometry
	Intracellular FACs Staining
	RNA-Seq
	qRT-PCR
	ChIP-qPCR
	ChIP-seq
	Western Blot

	Quantification and Statistical Analysis



	celrep_107993_mmc1.pdf
	Supplemental and Legend
	Table S1 Mass Spectrometry
	Table S2 guides
	Table S3 primers


