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Abstract 

Erythropoietin (EPO) is a plasma glycoprotein that binds to bone marrow erythroid progenitors, 

stimulating their proliferation and differentiation. In adult humans, EPO is secreted into the 

circulation by hepatocytes and specialized kidney peritubular fibroblasts, contributing 

approximately 20% and 80% to the total plasma EPO levels, respectively. EPO production is 

induced by hypoxia due to increased stability of the transcription factor hypoxia-inducible factor 

(HIF). However, HIF leads to increased expression of genes that promote angiogenesis and 

oncogenesis, which raises concerns about clinical strategies that promote EPO production via 

increased HIF levels. Therefore, we seek to identify novel HIF-independent regulators of EPO 

production as well as regulators of EPO secretion. 

 

To identify novel regulators of EPO secretion, we generated a reporter HEK293T cell line stably 

expressing EPO fused to GFP, and as an internal control, alpha-1-antitrypsin (A1AT) fused to 

mCherry. We demonstrated that both EPO and A1AT are efficiently secreted from the reporter 

cell line, and that treatment with Brefeldin A (which disrupts ER-to-Golgi transport) results in 

the intracellular accumulation of both proteins, verifying the integrity of the secretion machinery 

in these cells. The reporter cell line was mutagenized using a CRISPR/Cas9 knockout library, 

which delivers SpCas9, a puromycin resistance cassette, and a pooled collection of 123,411 

single guide RNAs targeting almost every coding gene in the human genome. We isolated cells 

with normal mCherry but increased or decreased GFP fluorescence. This strategy enabled the  
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identification of genes that specifically affect EPO but not A1AT levels, thereby ruling out genes 

that affect global secretion. We identified and validated SURF4 as an ER cargo receptor that is 

required for the efficient secretion of EPO. Deletion of SURF4 leads to EPO accumulation 

within the ER, while over-expression of SURF4 results in enhanced efficiency of EPO secretion. 

 

To identify novel regulators of EPO production, we generated a reporter HEP3B cell line with 

homozygous insertion of coding sequences for p2A and eGFP at the endogenous EPO locus. 

This HEP3B EPO-p2A-eGFP cell line expresses equivalent levels of EPO and eGFP proteins, 

both translated from the same mRNA molecule. Using a similar strategy as above, we performed 

a genome-scale CRISPR knock-out screen with and without HIF activation to identify genes that 

regulate EPO production independent of HIF. This screen was followed by a secondary 

validation screen targeting the top 1,255 candidate regulators of EPO production nominated by 

the genome-scale screen. These studies identified ZNF574 as a novel HIF-independent regulator 

for EPO production. In normoxia, deletion of ZNF574 resulted in increased EPO mRNA and 

protein levels. Under hypoxic conditions, deletion of ZNF574 led to increased EPO production, 

more so than in wildtype cells exposed to hypoxia. RNA sequencing analysis showed that 

ZNF574 deletion did not significantly impact the expression of most HIF-regulated genes. These 

findings suggest that ZNF574 regulates EPO production without activating the HIF pathway.  

In summary, we have identified and validated novel regulators of EPO production and secretion. 

These findings have important implications for several anemia disorders, particularly for anemia 

of chronic kidney disease, which results from impaired EPO production. 



 1 

Chapter 1 Review of Erythropoietin (EPO): Synthesis, Mechanisms, and Regulatory 

Pathways 

 

1.1 EPO regulates red blood cell (RBC) production.  

EPO is a plasma glycoprotein that regulates RBC production. Circulating EPO binds to its cognate 

cell surface receptor (EPOR) expressed on erythroid progenitors, promoting cell survival, 

proliferation, and differentiation[1-8]. Consistent with a critical role of EPO in erythropoiesis, 

mice with biallelic germline deletion of Epo (or EpoR) exhibit mid-embryonic lethality (at ~E12.5) 

due to severe anemia[9, 10]. Though EPO has been suggested to have non-hematopoietic 

functions[11-16], the chief function of EPO is supporting erythropoiesis, since the EPO/EPOR 

axis is dispensable in non-erythroid cells[2].  

 

1.2 Erythroid stages that depend on EPO.  

Multipotent hematopoietic stem cells undergo a series of cell divisions and differentiation steps to 

generate cells with successively more restricted developmental potential. The first erythroid-

committed progenitor termed ‘Burst-forming unit-erythroid’ (BFU-E) generates “colony-forming 

units-erythroid” (CFU-E), which in turn generates the proerythroblast. Proerythroblasts 

differentiate to sequentially generate basophilic, polychromatic, and orthochromatic erythroblasts; 

the latter cells eliminate nuclei and most organelles as they develop into reticulocytes, which in 

turn mature to become RBCs. Though EPO may steer hematopoietic progenitors towards the 
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erythroid lineage[17, 18], it is not required for commitment of bi-/multi-potent progenitors to the 

erythroid lineage[3]. Indeed, generation of BFU-E and CFU-E does not depend on EPO[3]. In 

contrast, CFU-Es and proerythroblasts depend on the availability of EPO for their survival and 

differentiation[1-8].  

 

1.3 EPO structure.  

Erythropoietin (EPO) is a glycoprotein hormone with a molecular weight of 30.4 kDa, comprised 

of 165 amino acids. Its structure features four antiparallel alpha-helices (A, B, C, and D helices), 

two beta-sheets, and two intra-chain disulfide bridges (Cys7-Cys161 and Cys29-Cys33), which 

stabilize the alpha helical content by connecting the A and D helices, and the B and C helices, 

respectively [19, 20].  

 

EPO contains three N-linked glycosylation sites at N24, N38, and N83, which are thought to 

enhance the molecule's stability and resistance to proteolytic enzymes and one O-linked glycan 

at S126, which is thought to contribute to its bioactivity. Glycoengineering of these sites has 

been utilized to create recombinant human EPO with increased activity and a longer duration of 

action in vivo [21]. 

 

1.4 Cell origin of EPO production. 

The existence of a circulating factor that regulates RBC production had been suggested in 

1906[22]; however, it was not until 1950, when a parabiosis experiment demonstrated the humoral 

regulation of erythropoiesis[23]. In this experiment, the circulation of a rat exposed to hypoxia 
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was connected to that of another rat exposed to normoxia. Both rats developed enhanced bone 

marrow erythrocytosis[23], demonstrating the existence of a blood-circulating factor that regulates 

RBC production[23, 24]. This finding culminated in cloning of the EPO gene in 1985[25-27].  

 

1.4.1 Cell of origin of EPO production in adult mammals 

In adults, EPO is produced predominantly by the kidney[28-30], and specifically by kidney 

fibroblasts located in the corticomedullary region[31-34]. Analysis of adult nephrectomized 

animals demonstrated that ~80% of the total circulating EPO originates from the kidney[35-38]. 

Therefore, it is no surprise that patients with end stage renal disease often exhibit anemia due to 

reduced EPO production. Studies in nephrectomized and partially hepatectomized animals 

identified the liver as the secondary organ of EPO production, accounting for ~20% of the 

circulating EPO in adults[39].  

 

1.4.2 Cell of origin of EPO production during fetal development 

During fetal development, the kidney is dispensable for EPO production. Very early in embryonic 

development and for a short period of time, EPO is produced primarily in neural cells to support 

‘primitive’ yolk sac erythropoiesis[40]. However, throughout most of fetal development, the main 

EPO-producing organ is the liver[41-47]. Though the timing of the liver-to-kidney switch in EPO 

production may vary among species, evidence supports the liver as the major EPO-producing 

organ until ~1 month after birth in several species, including humans and mice[35]. Cells in the 

liver that are responsible for EPO production are hepatocytes (and to a lesser extent, stellate 

cells)[33, 48, 49].  
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As discussed above, the primary site EPO production shifts throughout development, from 

neuroepithelial and neural crest cells supporting primitive erythropoiesis, to fetal liver throughout 

most fetal development, and to the kidney postnatally. The mechanism by which the primary site 

of EPO production changes throughout development remains unknown. One hypothesis is that the 

‘adult environment’ may repress EPO production in adult hepatocytes. To address this possibility, 

pre-switch fetal livers (or post-switch adult livers) were transplanted into adult animals[50]. 

Animals transplanted with fetal (but not adult) livers exhibited a profound (~7 fold) increase in 

serum EPO levels, irrespective of presence or absence of host kidneys[50]. These findings exclude 

an extrinsic effect from the adult environment as the etiology for reduced EPO-production in the 

adult liver. Furthermore, the postnatal switch in EPO production from mostly liver to mostly 

kidney is not due to alterations in oxygen tension that occur around birth[33]. Though several 

factors may impact EPO expression[51-53], the exact mechanism by which EPO production is 

suppressed in adult hepatocytes remains largely unknown.  

 

1.5 EPO gene.  

In humans, the EPO gene is located on chromosome 7 and is composed of 5 exons and 4 introns. 

EPO exons display a high degree of conservation in vertebrates. Interestingly, in contrast to most 

EPO introns, which don’t exhibit a high degree of conservation throughout evolution, a portion 

of EPO intron 1 is highly conserved in vertebrates.  

1.6 EPO enhancer. 

Studies using transgenic mouse models suggest that the expression of EPO is mediated by 

distinct enhancers in liver and kidney [45, 54]. In murine renal EPO producing cells, the EPO 
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enhancer is located within a sequence 17.4 kb to 3.6 kb upstream of the EPO transcription start 

site [55]. Although the exact sequence is still unknown, analysis of human EPO gene expression 

in transgenic mice revealed that the renal EPO enhancer is located 15 kb to 6kb upstream of the 

gene [54, 56]. In contrast, the enhancer that regulates hepatic EPO expression is located 

downstream of the gene. Genetic excision of the hepatic EPO enhancer results in severe anemia 

in mice during late embryonic development and the neonatal period, without causing a 

significant erythropoietic defect in adult mice [45].  

 

1.7 Regulation of EPO by HIF 

EPO production is hypoxia-inducible in the liver and kidneys,[28, 30, 35, 39, 50, 57-64] a process 

that is mediated by the hypoxia-inducible transcription factor, HIF. In the EPO-producing cells of 

the liver[45, 65] and kidneys[54, 55], HIF binds hypoxia responsive elements in the EPO locus, 

promoting EPO transcription[65-67]. HIF is a heterodimer composed of an a (HIF1a or 2a) and 

a b (HIF1b) subunit. In both liver and kidneys, HIF2a is the main a subunit that controls EPO 

transcription, with a lesser contribution by HIF1a[68].  

 

The stability of the a subunit of HIF, and therefore the level of EPO production, depends on O2 

availability. In normoxia, specific HIFa proline residues undergo hydroxylation by prolyl 

hydroxylase domain (PHD) enzymes (PHD1, PHD2, or PHD3), in a reaction that requires O2. 

Hydroxylated HIFa is recognized by von Hippel-Lindau (VHL), a component of an E3 ubiquitin 

ligase complex[69-71], resulting in HIFa polyubiquitination and proteasomal degradation. In 

addition to HIFa degradation, the binding of HIFa to the transcriptional co-activator p300 is 
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impaired during normoxia, due to hydroxylation of a specific HIFa asparagine residue by the 

enzyme ‘factor inhibiting HIF’ (FIH), a reaction that also requires O2 [71, 72]. Therefore, during 

normoxia, EPO transcription is suppressed, because HIF protein is degraded and because HIF is 

unable to bind its transcriptional co-activator p300. In contrast, in hypoxia, the PHD and FIH 

enzymes are inactive; therefore, HIF is not degraded and is able to bind the transcriptional co-

activator p300, resulting in transcription of HIF-target genes, such as EPO.  

 

1.8 Transcription factors that regulate EPO expression.  

As discussed below, several transcription factors, other than HIF, have been shown to regulate 

EPO expression. It is possible that orchestration of several transcription factors may plays a role 

in the temporal control and tissue-specific expression of EPO.  

 

GATA family members. Several members of the GATA family (GATA1,2,3,4 and 6) have been 

shown to bind a motif (TGCAGATAACAGCCC) in the EPO promoter[51, 73, 74]. While 

binding of GATA4 and GATA6 to the EPO promoter leads to enhanced EPO expression, 

binding of GATA1, GATA2 and GATA3 leads to suppressed EPO synthesis [73]. Studies in 

mice demonstrated that mutations within the GATA binding motif result in aberrant and 

persistent EPO expression in renal distal tubules, renal collecting ducts, hepatic epithelial cells, 

lung, and thymus [75]. These results suggest that on balance, GATA factors function to limit 

aberrant EPO production.  

 

WT1 and SP1. Wilms tumor 1 (WT1) and specificity protein 1 (SP1) genes encodes proteins that 

synergistically bind the EPO promoter (TCCCCCACCCCCACCC, with sequences specific to 
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WT1 highlighted in bold and those specific to SP1 underlined), resulting in upregulation of EPO 

transcription [76, 77]. Overexpression of WT1 was shown to enhance EPO expression in HEPG2 

cells and induce EPO expression in HEK293T cells, which normally don’t produce EPO [76]. 

Loss of WT1 results in marked reduction in EPO mRNA levels in fetal liver [76] and adult brain 

[78]. The interaction between SP1 and WT1 at the EPO promoter is cooperative, suggesting a 

complementary regulatory mechanism in activating EPO transcription [76].  

 

HNF4. Hepatic nuclear factor 4 (HNF4) is a transcription factor that plays a role in the regulation 

of EPO expression, particularly in response to hypoxic conditions. HNF4 appears to bind the 

hepatic EPO enhancer, promoting EPO expression. The importance of HNF4 in the hypoxia-

mediated induction of EPO expression was highlighted by experimental evidence demonstrating 

that reduced HNF4 expression in HEP3B cells leads to marked attenuation of the induction of 

EPO production mediated by hypoxia [79].  

 

RXRa and RARa. Retinoid X receptor-alpha (RXRa) and retinoic acid receptor (RARa) form a 

heterodimer that binds to the DR2 motif (TGACCTCTTGACCC) in the EPO hepatic enhancer, 

leading to enhanced EPO expression, independent of oxygen tension [53]. Addition of retinoic 

acid (RA), the common ligand to both receptors, results in increased EPO production in primary 

fetal liver cells and HEP3B cells [53]. Therefore, it is not surprising that deficiency in vitamin A, 

the precursor of RA, leads to lower kidney EPO mRNA levels [80]. RXRa deficient embryos 

exhibit a transient reduction in hepatic EPO mRNA levels at E10.5, which resolves at E12.5 

[53]. Notably, in vitro studies demonstrated a competition between HNF4 and RXR-RAR 

heterodimer for binding the DR2 motif in EPO [53]. HNF4 appears to be present in excess of 



 8 

RXR-RAR in hepatocytes after E12.5, which may explain why the expression of EPO is not 

inducible by RA in hepatocytes harvested from embryos older than E12.5 or from postnatal 

animals.  

 

1.9 EPO transcripts. 

Recently, 2 human EPO transcripts were found to be expressed from the EPO locus: i) a 

functional in-frame canonical transcript (T1) expressed predominantly in the adult kidney and 

fetal hepatocytes and ii) an out-of-frame transcript (T2) expressed predominantly in adult 

hepatocytes[81]. The T2 transcript is expressed from an alternative promoter in intron 1 of EPO 

[81]. Notably, a promoter was identified in EPO intron 1 by CAGE-seq[81]. The difference in 

EPO transcript expression pattern between fetal hepatocytes/adult kidney on one hand versus 

adult hepatocytes on the other hand may point towards changes in regulation of EPO expression 

throughout development.  

 

The mechanism by which the functional T1 transcript is replaced by the non-functional T2 

transcript in adult hepatocytes is unknown. Several possible explanations for the switch in 

expression from T1 in fetal hepatocytes to T2 in adult hepatocytes have been proposed. One 

possible explanation is that a factor that promotes T1 transcription or that represses T2 

transcription is expressed in fetal but not adult hepatocytes. An alternative explanation is that a 

factor that represses T1 transcription or that promotes T2 transcription is expressed in adult but 

not fetal hepatocytes.  

 



 9 

1.10 EPO mutations or dysregulation in humans.  

Reduced EPO production can arise from congenital loss-of-function mutations in EPO [82] or 

from end stage renal disease [83], resulting in hereditary or acquired anemia, respectively. These 

disorders should benefit from strategies aimed at increasing the plasma EPO level. Anemia due to 

other erythroid disorders (ex. a subset of myelodysplastic syndromes) may also benefit from a 

similar therapeutic strategy, even if the primary defect is not reduced EPO production, as 

previously shown [84, 85]. While 2 classes of agents (recombinant human EPO and PHD 

inhibitors) are clinically available for this use, they have significant limitations, as discussed in the 

introduction to chapter 3.  

 

Similarly, a pathological increase in EPO production may result from congenital etiologies (e.g.: 

loss-of-function mutations in VHL or in the gene encoding EGLN1, gain-of-function mutations in 

EPAS1, mutations in hemoglobin resulting in reduced oxygen release, and bisphosphoglycerate 

mutase deficiency) [86] or from acquired conditions (e.g. tumors that secrete EPO) [86]. These 

disorders result in polycythemia (increased RBC production) and should benefit from agents that 

reduce the plasma EPO level. No such agent is currently clinically available.   
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Chapter 2 The Endoplasmic Reticulum Cargo Receptor SURF4 Facilitates Efficient 

Erythropoietin Secretion 

This chapter is published in MCB. Lin Z, King R, Tang V, et al. The Endoplasmic Reticulum 

Cargo Receptor SURF4 Facilitates Efficient Erythropoietin Secretion. Mol Cell Biol. 

2020;40(23):e00180-20. Published 2020 Nov 6. doi:10.1128/MCB.00180-20 

 

2.1 Abstract 

Erythropoietin (EPO) stimulates erythroid differentiation and maturation. Though the 

transcriptional regulation of EPO has been well studied, the molecular determinants of EPO 

secretion remain unknown. Here, we generated a HEK293T reporter cell line that provides a 

quantifiable and selectable readout of intracellular EPO levels and performed a genome-scale 

CRISPR screen that identified SURF4 as an important mediator of EPO secretion. Targeting 

SURF4 with multiple independent single guide RNAs (sgRNAs) resulted in intracellular 

accumulation and extracellular depletion of EPO. Both of these phenotypes were rescued by 

expression of SURF4 cDNA. Additionally, we found that disruption of SURF4 resulted in 

accumulation of EPO in the endoplasmic reticulum (ER) compartment and that SURF4 and EPO 

physically interact. Furthermore, SURF4 disruption in Hep3B cells also caused a defect in the 

secretion of endogenous EPO under conditions mimicking hypoxia, ruling out an artifact of 

heterologous overexpression. This work demonstrates that SURF4 functions as an ER cargo 

receptor that mediates the efficient secretion of EPO. Our findings also suggest that modulating 
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SURF4 may be an effective treatment for disorders of erythropoiesis that are driven by aberrant 

EPO levels. Finally, we show that SURF4 overexpression results in increased secretion of EPO, 

suggesting a new strategy for more efficient production of recombinant EPO.  

 

2.2 Introduction 

Approximately one-third of the proteins encoded by the mammalian genome are secretory 

proteins [87, 88]. These proteins traffic from the endoplasmic reticulum (ER) to the Golgi 

apparatus via coat protein complex II (COPII) vesicles before reaching their final destinations: 

endosomes, lysosomes, plasma membrane, or extracellular space. COPII vesicles have an inner 

coat composed of SAR1 and SEC23-SEC24 heterodimers and an outer coat composed of 

SEC13-SEC31 heterotetramers [89]. Though transmembrane cargo proteins may directly interact 

with COPII components, the physical barrier created by the ER membrane prevents direct 

interaction between soluble cargos and the COPII coat. Therefore, soluble cargos either passively 

flow into COPII vesicles (bulk flow) or are captured in COPII vesicles through recognition by 

intermediary receptors or adapters (cargo capture) [90].  

 

Support for receptor-mediated cargo capture arose from early electron microscopy studies and in 

vitro assays of cargo packaging in COPII vesicles, which demonstrated efficient selection and 

concentration of cargos into COPII vesicles, as well as physical interactions between soluble 

cargos and COPII components [90-95]. Subsequent studies uncovered LMAN1 as the first ER 

cargo receptor that mediates ER export of soluble cargos in mammals [96-98]. LMAN1, together 

with its adapter MCFD2, forms a complex that is required for the efficient secretion of 
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coagulation factors V and VIII, cathepsins, and alpha1-antitrypsin [98-102]. While a handful of 

additional interactions between soluble cargos and ER receptors have been described in 

mammals [103], the extent to which bulk flow and cargo capture contribute to recruitment of 

proteins in COPII vesicles is unclear. This is primarily due to the fact that ER cargo receptors 

that are necessary for the efficient secretion of the majority of soluble cargos remain 

unidentified.  

 

Erythropoietin (EPO) is a glycoprotein that is produced predominantly by specialized kidney 

peritubular fibroblasts and secreted into the plasma [31, 33]. EPO binds to its receptor expressed 

on erythroid precursors and promotes cell survival, proliferation, and differentiation [1, 2]. EPO 

plays a crucial role in the regulation of red blood cell production (erythropoiesis). Failure to 

make sufficient amounts of EPO, as seen in the setting of chronic kidney disease, results in 

anemia. In contrast, supraphysiological EPO levels, as seen in the context of EPO-secreting 

tumors, result in polycythemia. Though the transcriptional regulation of EPO production has 

been well studied [67, 104, 105], the molecular basis of EPO trafficking remains poorly 

understood.  

 

In this study, in an effort to identify proteins involved in EPO secretion, we developed a genome-

scale CRISPR/Cas9 knockout screen that provides a quantifiable and selectable readout of 

intracellular EPO levels. This screen, followed by several validation experiments, identified the 

ER cargo receptor SURF4 as a key mediator of efficient EPO secretion. These findings suggest 

that modulation of SURF4 in the EPO-producing cells could provide a novel strategy for altering 
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plasma EPO levels and therefore regulating erythropoiesis. Additionally, this report suggests a 

novel strategy for improving the efficiency of recombinant EPO production.  

 

2.3 Method 

2.3.1 Cell Culture. 

HEK293T and HEP3B cells were purchased from ATCC. Flp-In T-REx 293 cells were 

purchased from Invitrogen. HEK293T and Flp-In T-REx 293 cells were cultured in Dulbecco 

modified Eagle medium (DMEM) (Gibco) supplemented with 10% heat-inactivated fetal bovine 

serum (Peak Serum) and 1% penicillin-streptomycin (Gibco). HEP3B cells were cultured in 

alpha-MEM (Gibco) supplemented with 2 mM L-glutamine (Gibco), 10% heat-inactivated fetal 

bovine serum (Peak Serum), and 1% penicillin- streptomycin (Gibco). All cells were grown in a 

humidified 37°C incubator with 5% CO2.  

 

2.3.2 Generation of the EPO-eGFP A1AT-mCherry reporter cell line.  

The CMV-EPO-eGFP-p2A-A1AT- mCherry construct was assembled using the NEBuilder HiFi 

DNA assembly cloning kit (New England Biolabs [NEB]) using vector sequences derived from 

PCSK9-eGFP-p2A-A1AT-mCherry (32) and EPO cDNA obtained from Dharmacon. This 

construct expresses EPO linked to eGFP via a linker peptide formed of glycines, prolines, and 

alanines (GGAPAPAPAPAPAPAPAPG). HEK293T cells were transfected with CMV- EPO-

eGFP-p2A-A1AT-mCherry using Fugene HD transfection reagent (Promega). Transfected cells 

were selected with 350 µg/ml Hygromycin (Invitrogen). Five weeks following Hygromycin 

selection, single cells were sorted into 96-well plates using a SY-3200 flow cytometer (Sony). 
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Single cell clones were expanded and analyzed for stable expression of EPO-eGFP and A1AT-

mCherry using an LSR Fortessa flow cytometer (BD Bioscience).  

2.3.3 Generation of the TPO-eGFP A1AT-mCherry reporter cell line.  

The TPO cDNA sequence was amplified from human liver RNA (deidentified tissue sample 

obtained from the tissue procurement core, University of Michigan, institutional review board 

[IRB] no. HUM00048303) and the CMV-TPO-eGFP-p2A- A1AT-mCherry construct was 

generated and transfected into HEK293T cells as described in the para- graph above. The same 

linker peptide linking TPO and eGFP (GGAPAPAPAPAPAPAPAPG) was used. Single cell 

clones were sorted, expanded, and analyzed for stable expression of TPO-eGFP and A1AT- 

mCherry as described above.  

 

2.3.4 Expansion and lentiviral preparation of the pLentiCRISPRv2 library.  

The pLentiCRISPRv2 whole- genome CRISPR library was obtained from Addgene (Addgene 

no. 1000000048, a gift from Feng Zhang [45]), expanded by 16 electroporations (8 for each half 

library) into Endura electrocompetent cells (Lucigen), and plated on 16 24.5-cm bioassay plates 

(ThermoFisher Scientific). Following a 12- to 14-h incubation at 37°C, colonies were harvested 

from agar plates, and pooled plasmids for each half library were isolated separately by 

Maxipreps using an EndoFree Plasmid Maxi kit (Qiagen). To prepare the pooled lentiviral 

library, 11.3µg of each half library was cotransfected with 17µg of psPAX2 (Addgene no. 

12260, a gift from Didier Trono) and 11.3 µg of pCMV-VSV-G (Addgene no. 8454, a gift from 

Robert Weinberg [96]) using Lipofectamine LTX with PLUS reagent (ThermoFisher Scientific) 

into each of six T225 tissue culture flasks (ThermoFisher Scientific) containing HEK293T cells 
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at ~80 to 90% confluence. The medium was changed 24 h post-transfection, and viral 

supernatant was collected 12, 24, and 36 h afterwards. Media containing viral supernatant were 

centrifuged at 500g for 5 min, pooled, aliquoted, snap-frozen in liquid nitrogen, and stored at -

80°C.  

 

2.3.5 CRISPR/Cas9 loss-of-function genome-wide screens.  

For each independent screen, more than 142 million reporter cells were plated in 15-cm tissue 

culture dishes (Corning) at 30% confluence. Cells were transduced with the lentiviral library 

(with 8 µg/ml Polybrene [Sigma]) at a multiplicity of infection (MOI) of ~0.3. Twenty-four 

hours after viral transduction, puromycin selection (1 µg/ml; Sigma) was applied for 4 days. 

Subsequently, cells were kept at a logarithmic phase of growth and passaged every 2 or 3 days, 

maintaining more than 36 million cells in culture at all times in order to preserve library depth. 

Fourteen days post-transduction, ~80 million cells were isolated from tissue culture dishes using 

0.25% trypsin (Gibco), pelleted by centrifugation (350 g, 4°C, 5 min), resuspended in cold 

phosphate buffered saline (PBS) plus 2% fetal bovine serum (FBS), and filtered through a 35-µm 

mesh into flow cytometry tubes (Corning). Cells were divided into 20 tubes and maintained on 

ice until sorting. Cells with normal mCherry fluorescence (mid 70 to 80% fluorescence) and top 

or bottom ~7% eGFP fluorescence (~4 million cells/population) were sorted using a BD 

FACSAria III (BD Biosciences) and collected into 15-ml polypropylene tubes (Cellstar) 

containing media. Genomic DNA was extracted using a DNeasy blood and tissue kit (Qiagen), 

and integrated lentiviral sgRNA sequences were amplified by a two-step PCR (20 cycles and 14 

cycles, respectively) as previously described [106, 107] using a Herculase II fusion DNA 

polymerase kit (Agilent Biotechnologies). DNA was purified after each of the PCRs using a 
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QIAquick PCR purification kit (Qiagen). Following the two-step PCR, DNA was analyzed with 

a bioanalyzer (Agilent), and the sgRNA amplicons were sequenced using a NextSeq 500 

sequencing system (Illumina). On average, 23.5 million reads were generated for each sorted cell 

population of each screen. Overall, 98% of the reads had a per sequence quality score (phred-

based base quality score) of greater than 30. A total of 104,331 sgRNA sequences were mapped 

and identified (along with the barcode corresponding to each cell population of each replicate) 

using a custom Perl script as previously described [108]. Enrichment at the sgRNA and gene 

levels was analyzed using DESeq2 and MAGeCK, respectively [109, 110].  

 

2.3.6 Disruption of candidate genes using CRISPR/Cas9.  

sgRNAs targeting several genes and several non-targeting sgRNAs were cloned into the 

pLentiCRISPRv2 plasmid (Addgene no. 52961, a gift from Feng Zhang [107]) as previously 

described [111]. pLentiCRISPR plasmids were packaged into lentivirus, using the same method 

described above. To disrupt genes in a population of cells, cells were transduced with lentivirus 

at an MOI of ~0.3. Subsequently, transduced cells were selected with puromycin and passaged 

for 10 to 14 days prior to FACS analysis. For all validation experiments, a minimum of three 

biologic replicates were analyzed. The non-targeting sgRNA sequences are sgRNA1 

(GTTCATTTCCAAGT CCGCTG), sgRNA2 (CGTGTGTGGGTAAACGGAAA), sgRNA3 

(GTATTACTGATATTGGTGGG), and sgRNA4 (TCATGCTTGCTTGGGCAAAA). SURF4-

targeting sgRNA sequences are sgRNA1 (TCAGACAGAGGC GCGCCACG) and sgRNA2 

(CAGGTAGCCGCAGTTCCAGG).  

 

2.3.7 Generation of SURF4-deficient clonal cell lines.  
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To generate clonal cell lines that are deficient for SURF4, a sgRNA targeting SURF4 exon 2 was 

cloned into the PX459 plasmid (Addgene no. 62988, a gift from Feng Zhang) as previously 

described [112], and the construct was transiently transfected into cells using Fugene HD 

transfection reagent (Promega). Twenty-four hours post-transfection, puromycin (1µg/ ml; 

Sigma) selection was applied for 3 days, and subsequently, single cells were sorted into each 

well of three 96-well plates using the SY-3200 flow cytometry instrument (Sony). Following 

expansion of the single cell clones, genomic DNA was extracted with QuickExtract (Epicentre) 

and indels were determined by amplification of the sgRNA target site by PCR using Herculase II 

Fusion DNA polymerase (Agilent Biotechnologies) and Sanger sequencing. The primers used for 

PCR and Sanger sequencing are SURF4 forward (TCTGTTCCTCACACACCCCGCCC) and 

SURF4 reverse (ACTCACTCAGCTGTCCCAGCAAG). Three independent single cell clones 

with homozygous frameshift indels in SURF4 (13-bp insertion, 1-bp insertion, and 10-bp 

deletion) were generated.  

 

2.3.8 Flow cytometry analysis.  

HEK293T cells were detached with 0.25% trypsin (Gibco), washed with PBS, collected by 

centrifugation (350 g, 5 min, 4°C), resuspended in cold PBS with 0.1% bovine serum albumin 

(BSA) and 10 mM HEPES (Invitrogen), filtered with 70-µm cell strainers, and analyzed by BD 

LSR Fortessa (BD Bioscience). FlowJo (Tree Star) was used to calculate the mean fluorescence 

intensity and for further analysis.  

 

2.3.9 Brefeldin A treatment. 
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HEK293 cells stably expressing EPO-eGFP (or TPO-eGFP) and A1At-mCherry were incubated 

with 1 µg/ml brefeldin A (Biolegend) for 12 h. Subsequently, cells were collected as described 

above and analyzed by flow cytometry for intracellular accumulation of EPO-eGFP (or TPO-

eGFP) and A1AT-mCherry.  

 

2.3.10 Western blots.  

To prepare cell lysates, cells were washed in PBS, suspended in radioimmunoprecipitation assay 

(RIPA) buffer (Invitrogen) supplemented with cOmplete protease inhibitor cocktail (Sigma), 

briefly sonicated, and incubated for 30 min in the cold room with end-over-end rotation. Cell 

lysates were cleared by centrifugation to remove cell debris (20,000 g, 30 min, 4°C) and were 

analyzed immediately or stored at -80°C until analysis. Protein quantification was performed 

using Pierce BCA protein assay kit (ThermoFisher Scientific) per the manufacturer’s 

instructions. Lysates were boiled for 5 min at 95°C with 4x Laemmli sample buffer (Bio-Rad) 

supplemented with beta-mercaptoethanol. Equal amounts of proteins were loaded on either a 4 to 

12% Bis-Tris gel or a 4 to 20% Tris-glycine gel (Invitrogen), and sodium dodecyl sulfate (SDS) 

gel electrophoresis was performed as previously described [113]. Proteins were then transferred 

onto a nitrocellulose membrane (Bio-Rad). Following blocking in 5% (wt/vol) milk-Tris-

buffered saline with Tween (TBST), membranes were incubated with primary antibody at 4°C 

overnight, washed three times in TBST, probed with peroxidase-coupled secondary antibodies, 

washed again three times in TBST, and developed with SuperSignal West Pico Plus 

(ThermoFisher Scientific). For horseradish peroxidase (HRP)-conjugated primary antibodies, 

nitrocellulose membranes were incubated with these antibodies and immediately developed 

following three TBST washes. Densitometry was performed with ImageJ. To test for the 



 19 

secretion efficiency of various cargo proteins, cells were seeded at equal densities in six-well 

plates or 10-cm plates, and conditioned medium was collected at different time points, cleared by 

centrifugation (500 g, 5 min, 4°C), and analyzed immediately (by Western blotting) as described 

above or stored at -80°C until analysis.  

 

2.3.11 Antibodies.  

The following antibodies were used for immunoblotting: anti-GFP (Abcam, ab290), anti-

mCherry (Abcam, ab167453), anti-calnexin (Cell Signaling, 2679S), anti-glyceraldehyde-3-

phosphate dehydrogenase (anti-GAPDH) (Millipore, MAB374), HRP-conjugated anti-FLAG 

(Abcam, ab1238), anti- alpha-tubulin (Abcam, ab176560), HRP-conjugated anti-mouse IgG 

(Bio-Rad, catalog no. 1706516), and HRP-conjugated anti-rabbit IgG (Jackson ImmunoResearch 

Laboratories, catalog no. 111-035-003).  

 

2.3.12 Tetracycline-induced EPO-FLAG expression. 

The coding sequence of EPO with a C-terminal FLAG was cloned into pDEST-pcDNA5-BirA-

FLAG (Invitrogen) using NEBuilder HiFi DNA assembly cloning kit (NEB). Wild-type, 

SURF4-deficient (with homozygous frameshift SURF4 indels), or SURF4-rescued (with 

homozygous frameshift SURF4 indels but with stable expression of SURF4 cDNA) Flp-In T-

REx HEK293 cells with tetracycline-inducible expression of EPO-FLAG were generated as 

previously described [114]. The canonical isoform of SURF4 encoded by NM_033161.3 was 

used. To induce the expression of EPO-FLAG, tetracycline (1 µg/ml) was added to the medium. 

Cells and medium were collected prior to the addition of tetracycline and 12 and 24 h following 
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tetracycline. Intracellular and extracellular EPO levels were analyzed by Western blotting as 

described above.  

 

2.3.13 EndoH assay.  

HEK293T cells that are either wild type, SURF4 deficient, or SURF4 rescue (defined in the 

paragraph above) were transfected with a plasmid expressing EPO-eGFP. Thirty-six hours post-

transfection, total cell lysates were prepared, and protein quantification was performed, both as 

described above. Lysates were incubated with denaturing buffer (NEB) 95°C for 10 min, and 

equal amounts of lysates (180 µg) were treated with either 1 µl of endoglycosidase H (EndoH) 

(NEB), peptide-N-glycosidase F (PNGase F) (NEB), or dimethyl sulfoxide (DMSO) as the 

control for 1 h (37°C). Subsequently, Laemmli buffer (Bio-Rad) was added, and the samples 

were boiled (95°C) for 5 min. Samples were loaded on a 4 to 12% Bis-Tris gel (Invitrogen), and 

Western blotting was performed as described above. This experiment was performed in biologic 

triplicates.  

 

2.3.14 Live-cell confocal fluorescence microscopy.  

Wild-type or SURF4-deficient HEK293T cells that stably express EPO-eGFP and A1AT-

mCherry were transfected with a plasmid expressing ERoxBFP (Addgene no. 68126, a gift from 

Erik Snapp [115]). Twenty-four hours post-transfection, cells were seeded on Lab-Tek 

Chambered Coverglass (ThermoFisher). Fluorescent images were captured on a Nikon A2 

confocal microscope. To quantify colocalization between two proteins, Pearson correlation 

coefficient was calculated using the Nikon Elements software. This experiment was performed 
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and analyzed by an investigator in a blind manner (investigator unaware of the genotype of the 

cells).  

 

2.3.15 Coimmunoprecipitation.  

Flp-In T-Rex 293 cells that are either wild type, SURF4 deficient, or SURF4 rescued (defined 

above) were transfected with CMV-EPO-eGFP-p2A-A1AT-mCherry using Fugene HD 

transfection reagent (Promega). Twenty-four hours posttransfection, cells were washed with PBS 

and incubated in PBS containing 2mM dithiobis (succinimidyl propionate) (Pierce) for 30min at 

room temperature. Subsequently, 20 mM Tris-HCl (pH 7.5) was added to quench the reaction. 

Cells were then washed twice in PBS, and cell lysis was performed with the following lysis 

buffer (100 mM Tris, 10% glycerol, 1% NP-40, 130 mM NaCl, 5 mM MgCl2, 1 mM NaF, and 1 

mM EDTA, supplemented with cOmplete protease inhibitor cocktail [pH 7.5]). Cell lysates were 

collected as described above and incubated overnight at 4°C with either anti-FLAG M2 magnetic 

beads (Sigma) or GFP-Trap beads (ChromoTek). Following five washes with lysis buffer, 

proteins were eluted from the beads via incubation with 2x Laemmli sample buffer containing 

beta-mercaptoethanol for 15 min at room temperature.  

 

2.3.16 Generation of cell lines expressing low or high SURF4 levels. 

A construct expressing SURF4 and the Katushka2S fluorescent marker (PGK-SURF4-p2A-

Katushka2S) was assembled with the NEBuilder HiFi DNA assembly cloning kit (NEB) using 

vector sequence derived from LV1-5 (Addgene no. 68411) and cDNAs of SURF4 and 

Katushka2S (a gift from Gary Luker [116]). The canonical isoform of SURF4 encoded by 
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NM_033161.3 was used. The construct was packaged into lentivirus as described above and 

transduced at a MOI of ~1 into Flp-In T-REx 293 or HEP3B cells. Transduced cells were 

selected with puromycin and passaged for 14 days prior to FACS sorting. Cells with top and 

bottom 10% Katushka2S fluorescence were sorted.  

 

2.3.17 Generation of SURF4-deficient HEP3B cells.  

Wild-type HEP3B cells were transduced with lentiviral sgRNA targeting SURF4, control sgRNA 

(combination of nontargeting sgRNAs and sgRNAs targeting genes that do not affect EPO such 

as BCL11A, MPL, and SERPINA1), or sgRNA targeting EPO as a positive control. Cells were 

selected with puromycin and passaged for at least 2 weeks prior to further analysis. EPO levels 

in the conditioned media were compared between SURF4-deleted cells and control cells, 

correcting for the total cell number at the time of EPO measurement. Genomic DNA was 

extracted from HEP3B cells using QuickExtract (Epicentre).  

 

2.3.18 EPO ELISA. 

Equal numbers of cells were seeded in 6-well or 24-well plates. For HEP3B cells, EPO 

production was stimulated with CoCl2 (75 µM, Sigma) for 24 h and conditioned medium was 

collected and cleared by centrifugation (500x g, 5 min, 4°C). For Flp-In T-Rex HEK293 cells 

with tetracycline- inducible expression of EPO-FLAG, tetracycline (1 µg/ml) was added for 12 h 

and conditioned medium was collected, cleared by centrifugation (500x g, 5 min, 4°C), and 

diluted 1:500. EPO level was measured in the conditioned medium using the Legend Max human 
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erythropoietin enzyme-linked immunosorbent assay (ELISA) kit (Biolegend), according to the 

manufacturer’s instructions.  

 

2.3.19 qRT-PCR. 

RNA was isolated using the RNeasy kit (Qiagen), and cDNA was synthesized using the 

Superscript first-strand synthesis system for reverse transcription-PCR (RT-PCR) (Invitrogen) 

with random hexamers. Quantitative RT-PCR (qRT-PCR) was perfomed using Power SYBR 

green PCR Master Mix using the ViiA7 real-time qPCR System from ThermoFisher. Samples 

were analyzed in triplicates, and A1AT (forward primer [GGTCAACTGGGCATCACTAA] and 

reverse primer [GATGGTCAGCACAGCCTTAT]) was used as an internal control for EPO 

(forward primer [GGGAGCCCAGAAGGAAGCCAT] and reverse primer 

[CTGCAGGCCTCCCCTGTGTA]). TUBA1A (forward primer 

[CGATATTGAGCGTCCAACCTAT] and reverse primer [TTCAGGGCTCCATCAAATCTC]) 

was used as an internal control for SURF4 (forward primers CTCTTGTTGTGTGGCTCTTTG 

and GATGAGGAACCTGGCCCTGGG; respective reverse primers TGGTCTGGA 

AGAAGTCGTATTT and CCTGCCTCCGAGCTGCATGTA). The threshold cycle (2 ΔΔCT) 

method was used to determine relative gene expression.  

 

2.3.20 Statistical analysis.  

CRISPR screen data analysis was performed as described above. The statistical differences in 

mean fluorescence intensity between EPO-eGFP and A1AT-mCherry were compared by two-

way analysis of variance (ANOVA). The difference in extracellular EPO-FLAG level among 
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wild-type, SURF4-deficient, and SURF4-rescued Flp-In T-REx 293 cells were compared by 

two-way ANOVA. The Pearson correlation coefficient differences between wild-type and 

SURF4-deficient HEK293T cells were compared by unpaired t test. The statistical difference in 

extracellular EPO detected by EPO ELISA was assessed using an unpaired t test. The differences 

in the relative amounts of EndoH-sensitive EPO among wild-type, SURF4-deficient, and 

SURF4-rescued HEK 293T cells were assessed by one-way ANOVA.  

 

2.4 Results. 

2.4.1 Generation of a reporter cell line that allows for a quantifiable and selectable readout of 

intracellular EPO levels.  

To identify proteins that regulate the intracellular trafficking of EPO, we developed a genome-

scale functional screen that provides a quantifiable and selectable readout of intracellular EPO 

accumulation. Therefore, we generated a reporter HEK293T cell line stably expressing enhanced 

green fluorescent protein (eGFP)-tagged EPO (EPO-eGFP) and, as an internal control, mCherry-

tagged alpha1-antitrypsin (A1AT-mCherry) (Fig. 2-1A). This cell line is herein referred to as the 

EPO-eGFP/A1AT-mCherry reporter cell line or just as the reporter cell line. Importantly, EPO-

eGFP and A1AT-mCherry are equally expressed from the same cytomegalovirus (CMV) 

promoter, with their respective coding sequences separated by a sequence encoding a P2A 

peptide (Fig. 2-1A).  

 

We found that both EPO and A1AT are efficiently secreted from the reporter cell line (Fig. 2-1B 

and C) and that disruption of ER-to-Golgi transport with brefeldin A results in intracellular 

accumulation of EPO and A1AT (Fig. 2-1D). Deletion of the gene for the ER cargo receptor for 
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A1AT, LMAN1, resulted in intracellular accumulation of A1AT, as expected, with no effect on 

intracellular EPO (Fig. 2-1E), ruling out a role for LMAN1 in EPO secretion. These studies 

demonstrate that the machinery required for the efficient secretion of EPO via the classical 

secretory pathway is intact in this cell line and establish the utility of this cell line to identify 

modifiers of intracellular EPO levels.  
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Figure 2–1 A reporter HEK293T cell line stably expressing EPO-eGFP and A1AT-mCherry. (A) A construct that 
expresses EPO-eGFP and A1AT-mCherry from the same CMV promoter was assembled and used to generate the 
reporter cell line. A P2A sequence separates EPO-eGFP from A1AT-mCherry. (B) Intracellular and extracellular 
EPO-eGFP and A1AT-mCherry protein abundance was determined by Western blotting using anti-eGFP and anti-
mCherry antibodies, respectively. E, ER form of EPO; F, fully glycosylated EPO. (C) Protein abundance was 
quantified using ImageJ. (D) Inhibiting ER-to-Golgi transport with brefeldin A (BFA) leads to intracellular 
accumulation of EPO-eGFP and A1AT-mCherry, as measured by fluorescence intensity. (E) LMAN1 deletion 
results in intracellular accumulation of A1AT with no effect on EPO. Unless stated otherwise, data are represented 
as mean values. 
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2.4.2 A CRISPR/Cas9 loss-of-function screen identified SURF4 as putative regulator of 

intracellular EPO level.  

To identify proteins that affect EPO secretion, we mutagenized the EPO-eGFP/A1AT-mCherry 

reporter cell line with a CRISPR/Cas9 knockout library (hGeCKO-v2), which delivers SpCas9, a 

puromycin resistance cassette, and a pooled collection of 123,411 single guide RNAs (sgRNAs) 

that include 6 sgRNAs targeting nearly every gene in the human genome. Transduction of the 

library was performed at a low multiplicity of infection (MOI) (~0.3), such that most infected 

cells receive one sgRNA to mutate one gene in the genome. Puromycin selection was applied 

from days 1 to 4 post-transduction. After an additional 9 days, cells with normal mCherry but 

increased (top ~7%) or decreased (bottom ~7%) eGFP fluorescence were isolated (Fig. 2-2A). 

This cell sorting strategy allows the identification of genes that affect EPO but not A1AT levels, 

therefore reducing the likelihood of identifying genes that affect global protein secretion. 

Integrated sgRNA sequences were quantified by deep sequencing and analyzed for their 

enrichment in the eGFP high compared to the eGFP low population.  

 

This screen, performed in biological triplicates, identified that the sgRNA sequences targeting 

only one gene, the surfeit locus protein 4 gene (SURF4), are enriched in the eGFP high 

population compared to the eGFP low population at a false discovery rate (FDR) of <10% (Fig. 

2-2B). Five out of six sgRNAs targeting SURF4 were significantly enriched in the eGFP high 

population (Fig. 2-2C and D).  
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Figure 2–2 CRISPR/Cas9 loss-of-function screen to identify genes that affect intracellular EPO levels. (A) Screen 
strategy. Twenty-four hours following transduction of the CRISPR library, puromycin selection was applied for 
3 days. At day 14, cells with unchanged mCherry but with top or bottom 7% eGFP fluorescence were isolated. 
sgRNA abundance was then determined in each cell population. (B) Gene level enrichment score was calculated for 
every gene using MAGeCK (see Materials and Methods). Each gene is represented by a bubble, the size of which is 
proportional to the number of sgRNAs with significant enrichment in the eGFP high population. SURF4 has the 
highest MAGeCK enrichment score and is the only gene for which the false discovery rate (FDR) is <10%. NT, 
nontargeting. (C) Normalized abundance of SURF4-targeting sgRNAs in the eGFP high and eGFP low populations. 
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The abundance score was calculated from three biological replicates, using DEseq (see Materials and 
Methods). SURF4-targeting sgRNAs are highlighted in orange. (D) Normalized counts for the six SURF4-targeting 
sgRNAs included in the library, for all three biological replicates. P values were calculated using MAGeCK. Unless 
stated otherwise, data are represented as mean values and the error bars represent standard deviations. 
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2.4.3 SURF4 deletion results in intracellular accumulation and reduced secretion of EPO. 

To validate the results of the screen, we targeted SURF4 with one sgRNA (sgRNA1) that showed 

significant enrichment in the whole-genome screen (Fig. 2-2D) and a second sgRNA (sgRNA2) 

not included in the hGeCKO-v2 library. SURF4 mutagenesis with sgRNA1 or sgRNA2 was 

highly efficient, resulting in insertions or deletions (indels) in ~97% and 77% of alleles, 

respectively (Fig. 2-3A). Cells transduced with SURF4 sgRNA1 or sgRNA2 exhibited increased 

intracellular accumulation of EPO-eGFP, with no effect on A1AT-mCherry (Fig. 2-3B and C). 

This finding was confirmed in three independent EPO-eGFP/A1AT-mCherry reporter cell clones 

(Fig. 2-3D), ruling out an artifact unique to the clone used in the original screen.  

 

To further confirm a direct effect of SURF4 deficiency on intracellular EPO accumulation, we 

next generated three clonal reporter cell lines with confirmed frameshift mutations of both 

SURF4 alleles by transient expression of SURF4 sgRNA1. The increased intracellular EPO 

protein levels observed in SURF4-deleted cells was completely rescued by a lentivirus 

expressing wild-type SURF4 cDNA (Fig. 2-3E and F), ruling out an off-target effect shared by 

sgRNA1 and sgRNA2. Taken together, these findings demonstrate that SURF4 disruption results 

in intracellular accumulation of EPO. Notably, disruption of ER-to-Golgi transport with 

brefeldin A further enhances the intracellular accumulation of EPO-eGFP in SURF4-deleted 

cells (Fig. 2-3G).  
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Figure 2–3 SURF4 deletion results in intracellular accumulation of EPO-eGFP. (A) SURF4-targeting sgRNA1 and 
sgRNA2 are highly efficient, causing indels in ∼ 97% and 77% of alleles, respectively. (B and C) Flow cytometry 
histograms showing intracellular accumulation of EPO, but not A1AT, following SURF4 deletion in HEK293T 
cells, using two independent sgRNAs, sgRNA1 (B) or sgRNA2 (C). (D) Quantification of intracellular mean 
fluorescence intensity in three independent clonal reporter cell lines transduced with SURF4-sgRNA1 (n = 12). 
Results were normalized to mean fluorescence intensity of cells transduced with nontargeting sgRNAs. (E and F) 
Flow cytometry histograms and normalized mean fluorescence intensity of EPO-eGFP in several clonal cell lines 
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with sequence-confirmed SURF4 frameshift mutations (SURF4 deleted) with or without stable expression of wild-
type SURF4 cDNA. Mean fluorescence intensity in panel F was normalized to that of wild-type cells. (G) Mean 
eGFP fluorescence intensity in wild-type and SURF4-deleted reporter cells with and without treatment with BFA 
(n = 3 per condition). ****, P < 0.0001. 
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To rule out an indirect effect on EPO-eGFP secretion resulting from an interaction between 

eGFP and SURF4, we analyzed the dependence of FLAG-tagged EPO on SURF4 for secretion. 

We generated a wild-type and SURF4-deficient HEK293 cell line expressing FLAG-tagged EPO 

(EPO-FLAG) from a tetracycline-inducible promoter (Fig. 2-4A). Following tetracycline 

administration, the intracellular EPO accumulation was significantly more pronounced in 

SURF4-deficient cells than in wild-type cells (Fig. 2-4B), recapitulating the findings described 

above with EPO-eGFP and ruling out an indirect effect due to the eGFP tag.  

 

SURF4 localizes to the ER membrane [106, 117, 118] and functions as an ER cargo receptor, 

suggesting that the increased accumulation of intracellular EPO in the setting of SURF4 

deficiency is secondary to reduced EPO secretion. Consistent with this hypothesis, the 

extracellular EPO-FLAG protein level was considerably lower in the conditioned media of 

SURF4-deleted cells compared to the conditioned media of wild-type cells (Fig. 2-4B and C), as 

was the ratio of extracellular to intracellular EPO-FLAG levels (Fig. 2-4D). The latter findings 

observed in SURF4-deficient cells were rescued by stable expression of SURF4 cDNA (Fig. 2-

4B and C). These results indicate that disruption of SURF4 results in a defect in EPO secretion.  
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Figure 2–4 SURF4 mutagenesis causes reduced extracellular EPO-FLAG secretion. (A) We generated a Flp-In 
TREX HEK293 cell line with tetracycline-inducible EPO-FLAG expression. (B) Intracellular and extracellular 
EPO-FLAG abundance in wild-type, SURF4-deficient, and SURF4-rescued cells was measured by Western blotting 
(using anti-FLAG antibody) after 0, 12, and 24 h of incubation with tetracycline. α-Tubulin was used as a loading 
control. (C and D) Quantification of densitometry of extracellular EPO (C) and ratios of extracellular/intracellular 
EPO normalized to α-tubulin in 3 independent experiments (D). *, P < 0.05; **, P < 0.01 by two-way ANOVA. 
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2.4.4 SURF4 deletion results in accumulation of EPO in the ER.  

We next performed live-cell fluorescent confocal microscopy to determine the localization of 

accumulated EPO in the setting of SURF4 deletion. We cotransfected the EPO-eGFP/A1AT-

mCherry reporter construct (Fig. 2-1A) with a vector expressing an ER blue fluorescent marker 

(ERoxBFP) into wild-type or SURF4-deficient HEK293 cells. We quantified the degree of 

colocalization between EPO and ERoxBFP (as well as A1AT and ERoxBFP, as a control) by 

Pearson correlation coefficient (PCC). SURF4-deficient cells exhibited an increased 

colocalization of EPO (but not A1AT) with ERoxBFP compared to wild-type cells (PCC of 

0.7870 in SURF4-deleted cells versus 0.2934 in wild-type cells, P < 0.0001) (Fig. 2-5A and B).  

 

To confirm the ER accumulation of EPO upon SURF4 disruption, we tested the glycosylation 

status of EPO in SURF4-deficient cells. EPO contains three N-glycosylation sites [119-121]. In 

the ER, N-linked high-mannose oligosaccharides are added to EPO and further modifications are 

made in the Golgi apparatus. The ER form of EPO is cleavable by endoglycosidase H (EndoH) 

[122, 123], but the post-ER form is not. Therefore, the ratio of EndoH-cleaved to EndoH-

uncleaved EPO will approximate the ratio of the amount of EPO in the ER versus the amount of 

EPO in the Golgi apparatus or beyond. In SURF4-deficient cells, the ratio of ER/post-ER form 

of EPO was significantly increased compared to that in wild-type cells (Fig. 2-5C to E), an effect 

that was decreased by stable expression of SURF4 cDNA (Fig. 2-5C and E). Taken together, 

these results demonstrate that SURF4 promotes the efficient ER exit and secretion of EPO.  
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Figure 2–5 Disruption of SURF4 results in accumulation of EPO in the ER. (A) Live-cell fluorescent confocal 
microscopy of wild-type or SURF4-deleted reporter cells expressing the ER marker, ERoxBFP. (B) Quantification 
of the degree of colocalization between EPO and ERoxBFP, as well as A1AT and ERoxBFP as a control, by 
Pearson correlation coefficient. n = 6 for wild-type, n = 11 for SURF4-deficient cells. ****, P < 0.0001 by unpaired 
Student’s t test; ns, not significant. (C) Cell lysates were collected from wild-type, SURF4-deleted, or SURF4-
rescued cells (SURF4-deleted cells with stable expression of wild-type SURF4 cDNA) expressing EPO-eGFP and 
were either treated with EndoH or left untreated. Immunoblotting was done with anti-eGFP antibody. The different 
forms of EPO (E, ER form of EPO [EndoH sensitive]; U, unglycosylated EPO; F, fully glycosylated EPO [post-
Golgi form of EPO]) were confirmed by treating wild-type cells with either PNGase or EndoH (D). (E) 
Quantification of EndoH sensitivity from three independent experiments. *, P < 0.05. (F) FLAG antibody or eGFP 
antibody was used to immunoprecipitate EPO-eGFP or SURF4-FLAG, respectively, from lysates of cells expressing 
either EPO-eGFP, SURF4-FLAG, both, or neither. IP, immunoprecipitation; IB, immunoblotting. 
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2.4.5 SURF4 physically interacts with EPO.  

To determine whether SURF4 binds to EPO, we tested for reciprocal coimmunoprecipitation of 

SURF4-FLAG and EPO-eGFP in HEK293T cells. An antibody against the FLAG epitope 

coimmunoprecipitated EPO-eGFP but not the ER luminal resident protein calnexin. Similarly, an 

antibody against eGFP coimmunoprecipitated FLAG-SURF4 (Fig. 2-5F). These results are 

consistent with a specific physical interaction between SURF4 and EPO.  

 

Thrombopoietin (TPO) shares significant sequence homology with EPO. To test whether TPO, 

similarly to EPO, depends on SURF4 for efficient secretion, we generated two independent 

clonal HEK293 cells stably expressing and efficiently secreting TPO-eGFP and A1AT-mCherry 

(Fig. 2-6A and B). As expected, disruption of ER-to-Golgi transport with brefeldin A results in 

intracellular accumulation of TPO and A1AT (Fig. 2-6C). Notably, like A1AT, TPO did not 

accumulate intracellularly upon SURF4 deletion (Fig. 2-6D and E). These findings demonstrate 

the specificity of SURF4 for promoting EPO secretion and suggest that the SURF4-EPO 

interaction is mediated by one of the EPO domains not present in TPO.  
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Figure 2–6 Thrombopoietin (TPO) secretion does not depend on SURF4. (A) A construct that expresses TPO-eGFP 
and A1AT-mCherry from the same CMV promoter was assembled and used to generate a reporter cell line stably 
expressing these two fusion proteins. (B) Intracellular and extracellular TPO-eGFP and A1AT-mCherry protein 
abundance was determined by Western blotting using anti-eGFP and anti-mCherry antibodies, respectively. (C) 
Inhibiting ER-to-Golgi transport with brefeldin A (BFA) leads to intracellular accumulation of TPO-eGFP and 
A1AT-mCherry, as measured by fluorescence intensity. (D) Flow cytometry histograms showing absence of 
intracellular accumulation of TPO following SURF4 deletion in HEK293T cells. (E) Quantification of cellular mean 
fluorescence intensity of TPO-eGFP and A1AT-mCherry in cells transduced with SURF4-targeting sgRNAs 
(n = 29). Results were normalized to mean fluorescence intensity of cells transduced with nontargeting sgRNAs. As 
a positive control, the same experiment was performed in parallel in reporter cell lines expressing EPO-eGFP and 
A1AT-mCherry (n = 48). ****, P < 0.0001; ns, not significant. 
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2.4.6 SURF4 promotes the secretion of endogenous EPO. 

The experiments described above were performed in a heterologous cell line overexpressing 

EPO fused to either an eGFP or FLAG tag. To test the impact of SURF4 deletion on the 

secretion of endogenous EPO, we transduced human HEP3B cells with SURF4-targeting 

sgRNAs or control sgRNAs. As a positive control, a sgRNA targeting EPO resulted in profound 

reduction of extracellular EPO level to almost an undetectable (0.45% of control) level (Fig. 2-

7A). Disruption of SURF4 in HEP3B cells using two independent sgRNAs resulted in a 

significant reduction (51.22% of control) of extracellular EPO levels compared to cells 

transduced with control sgRNAs (Fig. 2-7A), with no significant change in cellular EPO mRNA 

levels (Fig. 2-7B). Notably, SURF4 mRNA levels increased by ~30% in cells treated with a 

prolyl hydroxylase inhibitor (Fig. 2-7C), suggesting that under conditions mimicking hypoxia, 

increased SURF4 expression may contribute to enhanced EPO secretion.  
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Figure 2–7 SURF4 deletion in HEP3B cells results in reduced extracellular secretion of EPO expressed from its 
endogenous genomic locus. mIU, milli-international units. (A) HEP3B cells were transduced with lentivirus 
expressing SURF4-targeting sgRNAs, control sgRNAs, or EPO-targeting sgRNA as a positive control. EPO 
expression from its endogenous regulatory elements was subsequently induced with CoCl2 and measured in the 
conditioned media by ELISA and normalized to the amount of cellular DNA (a surrogate of the total number of 
cells). (B) EPO mRNA expression by qRT-PCR in wild-type (n = 8) and SURF4-deleted (n = 8) HEP3B cells 
following CoCl2 treatment. (C) SURF4 mRNA expression by qRT-PCR in wild-type HEP3B cells with and without 
dimethyloxalylglycine (DMOG) treatment (n = 8 per condition). *. P < 0.05; **, P < 0.01; ****, P < 0.0001. 
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2.4.7 SURF4 overexpression promotes more efficient EPO secretion. 

We next determined whether SURF4 overexpression promotes more efficient EPO secretion. We 

generated a lentivirus expressing equal amounts of SURF4 and Katushka2S (SURF4-p2A-

Katushka2S) (Fig. 2-8A) and transduced it into HEK293 cells expressing EPO-FLAG from a 

tetracycline-inducible promoter. Cells with the highest (top 10%) and lowest (bottom 10%) 

SURF4 expression, as determined by Katushka2 fluorescence, were sorted by fluorescence-

activated cell sorting (FACS). Following tetracycline administration, EPO level was found to be 

significantly increased in the conditioned media of cells overexpressing SURF4 compared to 

cells expressing low SURF4, with the reverse pattern observed intracellularly (Fig. 2-8B to E).  

 

To assess the impact of SURF4 overexpression on the secretion of EPO expressed from its 

endogenous genomic locus, we performed the same experiment described above in HEP3B cells. 

EPO level was increased in the conditioned media of cells expressing high compared to low 

SURF4 levels (Fig. 2-8F), with no significant change in cellular EPO mRNA levels (Fig. 2-8G). 

Taken together, these results demonstrate that SURF4 overexpression promotes more efficient 

EPO secretion.  
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Figure 2–8 SURF4 overexpression leads to enhanced EPO secretion. (A) A lentiviral construct that expresses equal 
amounts of SURF4 and Katushka2S from the same phosphoglycerate kinase (PGK) promoter was assembled and 
transduced into HEK293 cells expressing EPO-FLAG from a tetracycline-inducible promoter. Cells with top 10% 
and bottom 10% Katushka2S fluorescence were FACS sorted, corresponding to cells overexpressing SURF4 and 
control cells, respectively. (B and C) Intracellular and extracellular EPO abundance following a 12-h tetracycline 
incubation was analyzed by Western blotting (using anti-FLAG antibody) (B), and quantification of densitometry of 
the ratio of extracellular/intracellular EPO was determined in three independent experiments (C). (D) The 
extracellular EPO level was also measured by ELISA. (E) SURF4 mRNA expression by qRT-PCR in wild-type 
(n = 16) and top 10% SURF4-expressing reporter cells (n = 4). (F) HEP3B cells overexpressing SURF4 (and control 
cells) were generated as described above. Following incubation with CoCl2, the extracellular EPO level was 
measured by ELISA. (G) EPO mRNA expression by qRT-PCR in wild-type (n = 8) and SURF4-overexpressing 
(n = 3) HEP3B cells following CoCl2 treatment. ***, P < 0.001; ****, P < 0.0001 by unpaired t test. 
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2.5 Discussion 

In this report, we developed an unbiased genome-scale loss-of-function screen and identified 

SURF4 as a regulator of intracellular EPO levels. Deletion of SURF4 resulted in intracellular 

accumulation and extracellular depletion of EPO. Overexpression of SURF4 resulted in the 

reversed pattern. Consistent with the reported localization of SURF4 at the ER membrane [106, 

118, 124], we found that disruption of SURF4 resulted in accumulation of EPO in the ER and 

that EPO and SURF4 physically interact. Taken together, these results strongly suggest that 

SURF4 is the ER cargo receptor that mediates the efficient secretion of EPO.  

 

The screen described above was performed in a cell line with heterologous overexpression of 

EPO under the control of a CMV promoter. Therefore, it was important to examine whether 

SURF4 facilitates the secretion of EPO when expressed at a more physiological level. 

Accordingly, we deleted SURF4 in HEP3B cells that were induced to express EPO from its 

endogenous genomic locus and found that SURF4 also promotes EPO secretion under these 

conditions.  

 

SURF4 is the mammalian ortholog of yeast Erv29p. Erv29p facilitates packaging of pro-alpha-

factor in COPII vesicles promoting their ER-to-Golgi transport [117, 125, 126]. Erv29p recycles 

back from the Golgi apparatus to ER via recognition of its well- conserved dilysine sorting signal 

by the COPI coat [127]. In mammalian cells, only a handful of cargos (APOB, PCSK9, DSSP, 

AMLEX, and GH) have been shown to depend on SURF4 for efficient secretion [106, 118, 128]. 

However, a recent report demonstrated that mice with germ line deletion of Surf4 exhibit early 

embryonic lethality [108] similar to Caenorhabditis elegans [118], suggesting the presence of 
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one or more SURF4- dependent cargos with a critical function during embryogenesis. Future 

studies aimed at identifying the repertoire of cargos that depend on SURF4 for secretion are 

essential. Equally important are future studies that examine the transcriptional landscape of 

SURF4-deficient EPO-producing cells (such as HEP3B cells).  

 

A recently published report suggested that the cargo proteins that depend on SURF4 for secretion 

contain an N-terminal tripeptide “ER-ESCAPE” motif [128]. This motif is exposed following 

removal of the leader sequences and is recognized by SURF4 [128]. However, an N-terminal 

“ER-ESCAPE” motif with high SURF4 binding affinity is not present in EPO. Additionally, we 

found that EPO, but not TPO, depends on SURF4 for efficient secretion. However, TPO has an 

N-terminal motif with a better predicted SURF4 binding affinity than EPO. These results suggest 

that the N-terminal “ER-ESCAPE” motif may not be a generalizable determinant of SURF4 

interaction for all SURF4-dependent cargos.  

 

Soluble cargos are exported from the ER via the passive “bulk flow” or the concentrative “cargo 

capture” processes, with several lines of evidence supporting one route versus the other [90]. 

Though “bulk flow” and “cargo capture” are not mutually exclusive, this report provides support 

for the “cargo capture” model of EPO secretion. However, it is important to note that in our 

experimental conditions, ~50 to 70% of extracellular EPO is reduced in the setting of SURF4 

deficiency. Therefore, the secretion of the remaining EPO depends on either bulk flow or one or 

more separate and unidentified receptors.  
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Recent developments in genome engineering using CRISPR/Cas9 technology have dramatically 

enhanced the potential and efficacy of comprehensive, high-throughput genetic screens [107, 

111, 129-131]. Such strategies can be applied in vitro and in vivo to discover novel biologic 

insights. Our screen was designed to focus on posttranscriptional regulators of EPO by placing 

its expression under the control of a CMV promoter. Screening strategies similar to the one 

employed in this article and in a recently published report [106] might help identify additional 

ER cargo receptors for other soluble secreted proteins and shed more light into the extent of the 

contribution of “cargo capture” to recruitment of cargos into COPII vesicles.  

 

Findings in this report may have important implications for erythropoiesis. EPO, the master 

regulator of erythropoiesis, is produced by specialized peritubular fibroblasts in the kidney. The 

transcriptional control of EPO via the hypoxia-inducible factor pathway has been well studied 

[75, 81, 132-135], culminating in the development of prolyl hydroxylase inhibitors, a class of 

compounds that increase EPO production at the transcriptional level via activation of the 

hypoxia-inducible factor [136-140]. These drugs are currently in clinical development, with 

several compounds in advanced phase 2 or 3 trials [141-145]; however, there are numerous 

potential concerns and adverse effects of these drugs, including possible increased risks of 

malignancy and autoimmune disease [146-148]. Similar to the transcriptional control of EPO, the 

intracellular signal transduction pathway downstream of the EPO receptor has also been well 

studied [82, 149, 150]. In contrast, much less is known about the molecular basis of EPO 

trafficking. Our findings suggest that modulating SURF4 may be effective for the treatment of 

disorders of erythropoiesis that are driven by aberrant EPO levels [86, 151-153]. Though a 

handful of other cargos depend on SURF4 for their secretion [106, 118, 128], with additional 
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cargos likely remaining to be identified, targeting SURF4 exclusively in the EPO-producing cells 

might alter plasma EPO levels and therefore regulate erythropoiesis without affecting other 

SURF4-dependent cargos that are expressed in other cells. Alternatively, an inhibitor that 

specifically disrupts the SURF4-EPO interaction would also be expected to have no effects on 

other cargos that bind SURF4.  

 

Recombinant human EPO (rhEPO) is used clinically for the treatment of anemia due to chronic 

kidney disease, chemotherapy, or ziduvidine. rhEPO is also used to reduce the requirement of 

allogeneic red blood cell transfusion following certain elective surgeries. Though the use of 

rhEPO is indicated in only a subset of the above clinical scenarios, the rhEPO market size was 

valued at ~7.4 billion U.S. dollars in 2016 [154]. In this report, we demonstrate that SURF4 

overexpression results in enhanced EPO secretion. This approach could be applied to increase 

the efficiency of rhEPO production, which might translate into reduced costs of this drug.  

 

 

 

 

 

 

 

 

 



 47 

Chapter 3 Loss-of-function CRISPR Screens Identify Novel Genes that Regulate 

Erythropoietin Production 

 

3.1 Abstract 

Erythropoietin (EPO) is a plasma glycoprotein that binds erythroid progenitors, stimulating their 

proliferation and differentiation. In adult humans, EPO is secreted into the circulation by 

hepatocytes and specialized kidney peritubular fibroblasts, contributing approximately 20% and 

80% to the total plasma EPO level, respectively. EPO production is induced during hypoxia due 

to increased stability of the transcription factor hypoxia-inducible factor (HIF). However, HIF 

induction also results in increased expression of genes that promote angiogenesis and 

oncogenesis, which raises concerns about clinical strategies that promote EPO production via 

increased HIF levels. Here, we generated a reporter HEP3B cell line with homozygous insertion 

of coding sequences for p2A and eGFP at the endogenous EPO locus. This HEP3B EPO-p2A-

eGFP cell line expresses equivalent levels of EPO and eGFP proteins, both translated from the 

same mRNA molecule. Using this cell line, we performed a genome-scale CRISPR knock-out 

screen with and without HIF activation to identify genes that regulate EPO production 

independent of HIF. This screen was followed by a secondary validation screen targeting the top 

1,200 candidate regulators of EPO production nominated by the genome-scale screen. These 

studies identified ZNF574 as a novel HIF-independent regulator for EPO production. Under 

normoxia, deletion of ZNF574 resulted in increased EPO mRNA and protein levels. Under 

hypoxic conditions, deletion of ZNF574 also led to increased EPO production, more so than 
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wildtype cells exposed to hypoxia. RNA sequencing analysis showed that ZNF574 deletion did 

not significantly impact the expression of most HIF-regulated genes. Taken together, these 

results suggest that ZNF574 regulates EPO production without activating the HIF pathway. 

These findings have important implications for several anemia disorders, particularly for anemia 

of chronic kidney disease, which results from impaired EPO production.  

 

3.2 Introduction 

EPO is the master regulator of erythropoiesis, the process by which red blood cells (RBCs) are 

produced. EPO binds its receptor expressed on erythroid progenitors in the bone marrow, 

promoting their survival, proliferation, and differentiation, resulting in increased RBC 

production [1-8].   

 

During fetal development, EPO is produced predominantly by the liver [41-47].  Postnatally, the 

kidney becomes the major organ that produces ~80% of the circulating EPO, with a smaller 

contribution from the liver [28-30] [35-38].  Therefore, it is no surprise that patients with chronic 

kidney disease (CKD) exhibit anemia due to reduced EPO production.  

 

While recombinant human EPO is clinically used to ameliorate the anemia observed in patients 

with CKD, it has its limitations, including elevated risk of cardiovascular events, the potential of 

developing EPO resistance and the risk of pure red cell aplasia [155]. EPO can elevate blood 

pressure and increase the risk of thrombosis, leading to potential heart attacks or stroke in 

susceptible patients [156, 157]. CKD patients are already at higher cardiovascular risk, and this 

added potential side effect from EPO requires careful consideration [158, 159]. Moreover, in 
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some patients, EPO resistance may develop, often due to inflammation or iron deficiency, 

reducing its efficacy [160]. Lastly, there may be a risk of pure red cell aplasia, a rare condition in 

which the body stops producing red cells in response to EPO therapy, usually associated with the 

production of anti-EPO antibodies [161].  

 

Recently, prolyl hydroxylase inhibitors (PHD inhibitors), have been developed for the treatment 

of CKD anemia [162]. PHD inhibitors result in reduced degradation of the hypoxia-inducible 

factor (HIF) and therefore increased EPO production mediated by the binding of HIF to hypoxia-

responsive elements (HRE) at the EPO locus [65-67]. Since PHD inhibitors result in increased 

intracellular levels of HIF, which also regulates cell proliferation and angiogenesis, the long-term 

use of PHD inhibitors is associated with theoretical concerns, which will only be addressed with 

long-term follow up of patients treated with these agents [163-167]. Therefore, increasing our 

understanding of EPO regulation, particularly its regulation independent of HIF, remains an 

unmet need in the field, with possible implications for the ~37 million US adults with CKD.  

 

In this study, we aimed to identify novel regulators of EPO production by performing an 

unbiased genome-scale CRISPR knock-out screen, using a clonal HEP3B cell line that expressed 

eGFP from the endogenous EPO locus. To identify genes that regulate EPO production 

independent of HIF, this screen was performed with and without treatment with a PHD inhibitor. 

To validate the screen results, we generated a custom secondary library targeting the most 

promising 1,200 genes identified in the genome-scale screen. Validation experiments identified 

ZNF574 as a novel regulator of EPO production. Deletion of ZNF574 results in increased EPO 

mRNA and protein levels, which appears to be mediated independent of HIF, since most HIF-
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regulated genes were not impacted by ZNF574 deletion. These findings have important 

implications for identifying novel strategies to increase endogenous EPO production without 

impacting HIF-regulated genes, therefore mitigating the risk of malignancies and autoimmune 

disease that result from sustained HIF activation.  

 

3.3 Method 

3.3.1 Cell culture 

HEP3B and HEK293T cells were purchased from ATCC. HEP3B cells were cultured in MEM-

alpha (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Peak), 1% Glutamax 

(Gibco), and 1% penicillin-streptomycin (Gibco). HEK293T cells were cultured in DMEM 

(Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Peak) and 1% penicillin-

streptomycin (Gibco). All cells were grown in a humidified 37 oC incubator with 5% CO2.  

 

3.3.2 Generation of the HEP3B EPO-p2A-eGFP (HEG) reporter cell line 

The DNA donor template used to knock-in p2A-eGFP at the EPO locus (prior to the stop codon 

of EPO) was assembled using the NEBuilder HiFi DNA assembly cloning kit (NEB). This 

construct contains the sequence encoding p2A-eGFP and 800 base pair homology sequence on 

either side of the insertion. sgRNA (AGGACAGGGGACAGATGACC) targeting the EPO 

sequence near the knock-in site was cloned into pSpCas9(BB)-2A-Purov2.0 (Addgene 62988), 

as described in chapter 2. Using Fugene HD transfection reagent (Promega), HEP3B cells were 

transfected with DNA donor template and sgRNA at 10:1 ratio. Transfected cells were selected 

with 1.5µg/mL puromycin (Sigma) for 3 days. Five weeks following puromycin selection, single 
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cells were sorted into 96-well plates pre-coated with bovine collagen (STEMCELL technology), 

using a MA900 Flow Cytometer (Sony). Single cell clones were expanded and analyzed for 

correct insertion of p2A-eGFP, using sanger sequencing. 

 

3.3.3 Expansion and lentiviral preparation of the pLentiCRISPRv2 library 

The pLentiCRISPRv2 whole genome CRISPR library was obtained from Addgene (Addgene 

#1000000048, a gift from Feng Zhang). The library was expanded by 16 electroporations (8 for 

each half library) into Endura electrocompetent cells (Lucigen), and plated on sixteen 24.5 cm 

bioassay plates (ThermoFisher Scientific). After 12-14 hour incubation at 37°C, colonies were 

harvested from agar plates, and pooled plasmids for each half library were isolated separately by 

Maxipreps using an EndoFree Plasmid Maxi Kit (Qiagen). Viral particles were obtained by co-

transfection (using Lipofectamine LTX with PLUS reagent (ThermoFisher Scientific) of 17µg of 

PAX2 (addgene #12260, a gift from Didier Trono), 11.3 µg of pCMV-VSV-G (Addgene #8454, 

a gift from Robert Weinberg), and 11.3 µg of each half library into HEK293T cells plated at 

80~90% confluency in six T225 tissue culture flasks (ThermoFisher Scientific). Twenty-four 

hours post-transfection, media was changed, and 12, 24, 36 hours post media change, the viral 

supernatant was harvested. Cell debris were removed from viral supernatant by 500g 

centrifugation for 5 minutes. The viral supernatant was then pooled, aliquoted, snap-frozen by 

liquid nitrogen and stored at -80 oC.  

 

3.3.4 Design and synthesis of custom CRISPR library 
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Candidate genes from the genome-scale screen were sorted by their relative ranking using 

MAGeCK analysis. From each screen condition (with and without DMOG), 349 positive and 

negative candidate regulators were selected. Using GPP sgRNA designer (Broad institute), 10 

optimized sgRNAs were generated per gene when possible, and 118 non-targeting sgRNA 

controls were included. Flanking sequences were appended to sgRNA sequences as priming site 

for cloning. Synthesized pooled oligonucleotide were purchased from Twist Bioscience and was 

cloned into Lenti-CRISPRv2 as described in chapter 2. The custom library was expanded by 3 

electroporations into Endura electrocompetent cells (Lucigen). Maxipreps, lentiviral packaging, 

and lentiviral harvesting were done in the similar fashion as the whole-genome library, 

mentioned above. Library diversity was assessed by deep sequencing using Illumina Miseq, 

confirming adequate expansion of all 12000 sgRNA and a 90th/10th percentage read ratio of 2.99.  

 

3.3.5 CRISPR/Cas9 Genome-scale loss-of-function screens 

For each replica of the genome-scale screen, a minimum of 132 million reporter cells were plated 

in 15-cm tissue culture dishes (Corning) at 4.16 million cells per dish. On day 0, cells were 

transduced with the lentiviral library (with 8µg/mL polybrene, Sigma) at a multiplicity of 

infection (MOI) of ~0.3. Twenty-four hours post-viral transduction, transduced cells were 

selected with puromycin (1µg/mL, sigma) for 4 days. Between day 4 and day 12, cells were kept 

at a logarithmic phase of growth and passaged every 2-3 days, while ensuring more than 37 

million cells were in culture at all times, to maintain ~300x coverage. Thirteen-days post-

transduction, cells were split into two groups. One group was left untreated. The other group was 

treated with 200mM DMOG for 24 hours. On day 14, ~80 million cells from each group were 

isolated from tissue culture dishes using 0.25% trypsin (Gibco), pelleted by centrifugation (350g, 
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4oC, 5 min), resuspended in cold PBS+2% FBS, and filtered through a 35 µm mesh into flow 

cytometry tubes (corning). Cells were maintained on ice until sorting. Cells with top or bottom 

10% eGFP fluorescence (~3 million cells/population; ~24x coverage) were sorted using MA900 

Flow Cytometer (Sony) and collected into 15 mL polypropylene tubes (Cellstar) containing 

media. Genomic DNA was extracted using a DNeasy Blood & Tissue kit (Qiagen), and 

integrated lentiviral sgRNA sequences were amplified by a two-step PCR reaction (20 cycles and 

14 cycles, respectively) as previously described [168]. DNA amplified by each PCR reaction was 

purified using Zymo-Spin V column (Zymo research), DNA-binding buffer (Zymo), DNA wash 

buffer (Zymo) and Ultra-pure distilled water (Invitrogen). The DNA integrity and yield was 

analyzed by Bioanalyzer (Agilent) and qPCR (QuantStudio), respectively. sgRNA amplicons 

were sequenced using NextSeq 75 cycles HO (Illumina) with samples pooled. On average, 23.5 

million reads were generated for each sorted cell population of each screen. Overall, 98% of the 

reads had a per sequence quality score (phred-based base quality score) of greater than 30. 

104,331 sgRNA sequences were mapped and identified (along with the barcode corresponding to 

each cell population of each replicate) using a custom Perl Script as previously described . 

Enrichment at the sgRNA and gene levels was analyzed using MAGeCK.   

 

3.3.6 CRISPR/Cas9 custom loss-of-function screens 

For the custom loss-of-function screen, a minimum of 132 million reporter cells were plated and 

the work flow was similar to the one described for the genome-scale screen described above. On 

the day of sorting, on average, 2.35 million cells with either top or bottom 10% eGFP 

fluorescence were collected. DNA extraction, sgRNA sequence amplification, PCR purification 

and Illumina sequencing were done as described above for genome-scale screen.  
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3.3.7 Flow Cytometry analysis 

HEP3B cells were detached from tissue culture dish with 0.25% trypsin (Gibco), washed with 

PBS, collected by centrifugation (350g, 5 min, 4°C) and resuspended in cold PBS with 2% BSA 

and 10mM HEPES (Invitrogen). HEP3B cells were analyzed by ZE5 cell analyzer (BioRad). 

Mean fluorescent intensity was calculated by ZE5 cell analyzer.  

 

3.3.8 Deletion of candidate genes with CRISPR/Cas9 

sgRNAs targeting candidate genes and non-targeting sgRNAs were cloned into the 

pLentiCRISPRv2 plasmid as previously described [168]. Lentiviral infection, selection of the 

transduced cells, and the treatment with DMOG were performed as described for the CRISPR 

screen above. eGFP fluorescence intensity was measured by flow-cytometry, as described above.  

 

3.3.9 Insertion deletion (indel) efficiency  

Genomic DNA of HEP3B cells was isolated by QuickExtract DNA Extraction Solution 

(Biosearch Technologies), following manufacturer’s protocol. PCR was performed using primers 

aimed to amplify the genomic DNA sequence that contains the expected sgRNA cut-site. For 

ZNF574, this was done using primers 1: AGAGGAATGGGGTGAGGTGA; primer 2: 

CGCGACACTTGTAGGGGTAT. The PCR product was sequenced by Sanger sequencing, and 

chromatograms were analyzed by ICE CRISPR Analysis Tool (Synthego) to calculate the indel 

efficiency.  

 

3.3.10 EPO ELISA 
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On day 0, 30,000 cells were seeded per well in 96-well plates. One day after seeding, cells were 

treated with DMOG or left untreated for 24 hours and conditioned media was collected and 

centrifuged (500g, 5 min, 4 oC) to remove potential cell debris. EPO level was measured using 

LEGEND MAX Human Erythropoietin ELISA kit (Biolegend), following the manufacturer’s 

protocol. The extracellular EPO level was normalized to the total cell number, measured by MTT 

cell proliferation assay (Sigma).  

 

3.3.11 Quantitative RT-PCR (qRT-PCR) 

RNA was isolated using RNeasy kit (Qiagen). cDNA was generated using High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems), following the manufacturer’s protocol. qRT-

PCR was performed using Power SYBR Green PCR master mix, and QuantStudio 7 real-time 

PCR system (ThermoFisher). Samples were analyzed in triplicates and beta-actin was used as 

internal control. The fold change in EPO mRNA level was measured by ∆∆Ct method. Primers 

used were as follows: EPO Forward primer: CGGAGATGGGGGTGCAGA, EPO Reverse 

primer: TGGGAGGCCCAGAGGA; ACTB Forward primer:  

CACCATTGGCAATGAGCGGTTC, ACTB Reverse primer: 

AGGTCTTTGCGGATGTCCACGT. 

 

3.3.12 Statistical analysis 

CRISPR screen analysis was performed by MAGeCK. Differences in mean fluorescence 

intensity in eGFP levels, extracellular EPO levels, and EPO mRNA levels were compared by 

one-way ANOVA.   
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3.4 Results 

3.4.1 Generation of a HEP3B cell line that reports the EPO production level.  

To identify novel proteins that regulate EPO production, we generated a HEP3B reporter cell 

line with homozygous insertion of coding sequences for p2A and eGFP at the endogenous EPO 

locus (Fig. 3-1A). This HEP3B EPO-p2A-eGFP cell line, referred to as HEG, expresses equal 

amounts of EPO and eGFP proteins, translated from the same mRNA molecule. Therefore, 

proteins that regulate EPO transcription or translation are expected to equally affect the 

intracellular eGFP level. Since the eGFP protein expressed by the HEG cell line is not fused to 

EPO, proteins that regulate EPO secretion or degradation are not expected to affect the 

intracellular eGFP level.  

 

In normoxia, the HEG cell line produces EPO but at a low basal level (Fig 3-1B). Following 

incubation of HEG cells with 200uM of the PHD inhibitor DMOG for 24 hours (selected based 

on treatment time course and dose response curve analyses), EPO production increased 

significantly compared to baseline, as determined by ELISA (Fig. 3-1D) and flow cytometry 

(Fig. 3-1E). Deletion of the hypoxia responsive element (HRE) located downstream of the EPO 

coding sequence (Fig. 3-1F) resulted in abrogation of the DMOG-mediated increase in EPO 

production (Fig. 3-1G). These findings validate the utility of the HEG cell line to study the 

regulation of EPO expression.  
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Figure 3–1 A reporter HEP3B cell line expressing EPO p2A GFP from the EPO locus. (A)Schematic representation 
of the strategy for insertion of p2A-eGFP at the genomic locus of EPO, right before the EPO stop codon. (B) 
Representative fluorescent histogram demonstrating eGFP accumulation in HEG cells following treatment with 
DMOG. (C) Quantification of intracellular mean fluorescence intensity (MFI)  in three independent experiments. 
(D) EPO production by HEP3B cells after DMOG treatment,  measured by ELISA (n=18).  (E) Intracellular eGFP 
level in HEG after DMOG treatment, measured by flow cytometry (n=3). (F) Flow cytometry histograms comparing 
the eGFP signal in HEG with and without deletion of hepatic EPO enhancer. (G) Adjusted fold change (AFC) of 
MFI GFP  from (F), demonstrating loss of hypoxia-mediated induction of EPO in HEG following deletion of 
hepatic EPO enhancer (n=3), normalized to HEG, no treatment.  
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3.4.2 A genome-scale CRISPR/Cas9 screen for regulators of EPO expression  

To identify novel proteins that regulate EPO production, we developed a genome-scale 

CRISPR/Cas9 screen using the HEG reporter cell line, which provides a quantifiable and 

selectable readout of EPO production. We mutagenized ~37 million HEG cells with the 

lentivirally packaged human GeCKOv2 CRISPR knockout library, which delivers spCAS9, a 

pooled collection of 6 sgRNAs targeting nearly every gene in the genome, and a puromycin 

resistance cassette. Transduction was performed at a low multiplicity of infection (~0.3) so that 

most infected cells receive 1 sgRNA to delete 1 gene in the genome. Following selection of 

transduced cells with puromycin, cells were recovered for 8 days and were subsequently either 

treated with DMOG for 24 hours or left untreated (Fig. 3-2A). Cells with increased (top ~7%) or 

decreased (bottom ~7%) eGFP fluorescence were isolated, and integrated sgRNA sequences 

were quantified by deep sequencing (Fig. 3-2A). This screen was done in biological 

quadruplicates for the no treatment arm and in biological triplicates for the DMOG-treated arm.  

 

To identify genes that impact EPO expression, sgRNAs were analyzed for their enrichment or 

depletion in the eGFP high compared to the eGFP low cell populations (Fig 3-2A). Since DMOG 

stimulates EPO expression via activation of the HIF pathway, genes for which sgRNAs are 

enriched/depleted in the eGFP high compared to the eGFP low DMOG-treated cells likely 

impact EPO expression independently of the HIF pathway. In contrast, genes for which sgRNAs 

are enriched/depleted in the eGFP high compared to eGFP low untreated cells may impact EPO 

expression in either a HIF dependent or independent manner.   
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Based on gene level analysis, sgRNAs targeting HIF1A, EPAS1, and HIF3A (which encode 

HIF1a, HIF2a, and HIF3a, respectively) were not enriched in the eGFP-low compared to the 

eGFP-high cell population (Fig 3-2B), likely due to overlapping roles for these genes in 

stimulating EPO production. Similarly, and likely for the same reason, sgRNAs targeting 

EGLN2, EGLN1, and EGLN3 (which encode PHD1, PHD2, and PHD3, respectively) were not 

enriched in the eGFP-high cell pool (Fig 3-2B).  

 

In contrast, as expected, sgRNAs targeting VHL were found to be significantly enriched in the 

eGFP-high population (Fig 3-2C). sgRNAs targeting genes known to promote EPO expression 

(HNF4A, WT1, RXRA, and CREBBP) were significantly enriched in the eGFP-low compared to 

the eGFP-high cell population under either DMOG-treated or untreated conditions. These 

findings provide confidence in the screen results.  
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Figure 3–2 A genome-scale CRISPR/Cas9 screen for regulators of EPO expression. (A) Screen strategy. Twenty-
four hours following transduction of the CRISPR library, puromycin selection was applied for 3 days. AT day 13, 
cells were either treated with DMOG or left untreated. Twenty-four hours later, cells with top or bottom 7% eGFP 
fluorescence were isolated. sgRNA abundance was then determined in each cell population. (B) Log 2 fold change 
in sgRNA abundance between eGFP high and eGFP low cell populations for the three HIF isoforms and three PHD 
isoforms, under no treatment condition or PHD inhibition. (C, D) Normalized counts for the six VHL-targeting 
sgRNAs including in the library in both eGFP high and eGFP low cell populations, for screen performed under (C) 
no treatment condition and (D) DMOG treated conditions. 
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3.4.3 Secondary screen for regulators of EPO production  

To refine our genome-scale screen findings, we selected the top 349 genes for which sgRNAs 

were enriched in either of the 4 conditions: eGFP high compared to eGFP low and eGFP low 

compared to eGFP high cell populations, in either DMOG-treated or untreated conditions. Due to 

some overlap in the genes across conditions, the total number of genes included was 1,200 

(instead of 1,396). We generated a custom sgRNA library that contains 10 sgRNAs targeting 

each of the 1,200 genes when possible and 118 non-targeting sgRNAs as control. The sgRNAs 

were cloned en masse into the Lenti-CRISPRv2 plasmid. Massive parallel sequencing of the 

plasmid pool confirmed presence of all sgRNA sequences (Fig 3-3A) with minimum library 

skewing (Fig 3-3B), as demonstrated by 90th/10th percent read count of 2.9. The secondary 

library was packaged into lentiviral particles and the secondary screen was performed as 

described above for the genome-scale screen (Fig 3-2A).  

 

Owing to the considerably (~10 fold) smaller size of the secondary library compared to the 

genome-scale library, the secondary screen was performed with a substantial average coverage 

of ~250x (i.e. each sgRNA was represented ~250 times on average) throughout the entire screen. 

To achieve such coverage, ~43 million cells were maintained in culture, allowing 3 million cells 

with top 7% and 3 million cells with bottom 7% EPO production to be sorted, thus maintain the 

~250x sgRNA coverage in each sorted cell population. The high coverage achieved with the 

secondary screen combined with the large number of sgRNAs/gene included in the secondary 

library were designed to improve our ability to distinguish true hits from background noise. 

Sequencing generated 25,603,343 reads in total, with an average of ~213 reads per sgRNA.  
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Figure 3–3 Secondary screen for regulators of EPO production. (A) All sgRNA guides that were synthesized were 
identified by sequencing. (B) Normalized sgRNA counts for all sgRNAs in the plasmid pool demonstrating no 
significant skewing in sgRNA expansion. (C) Changes in eGFP MFI for high-ranking candidate genes, using the 
most promising sgRNA identified in the screen. n = 3 for each candidate gene and n =12 for non-targeting sgRNAs. 
Error bar represent standard deviation. (D) Comparison of MAGeCK gene level enrichment scores for validated 
candidates in primary versus secondary CRISPR screens for EPO production. (E) Comparison of MAGeCK gene 
level enrichment scores for the candidates that failed to validate in primary versus secondary CRISPR screens.  
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3.4.4 Comparison between the genome-scale and secondary screens  

To determine if the secondary screen fared better than the genome-scale screen at separating true 

hits from false positive hits, we chose the top 9 genes (excluding SYS1, due to its known function 

in GFP secretion) from the genome-scale library screen for which sgRNAs were enriched in the 

eGFP high compared to the eGFP low population and the top 6 genes for which sgRNAs were 

enriched in the eGFP low compared to the eGFP high population. Using an sgRNA targeting 

each of these 15 candidate genes, 6 of the 9 putative negative regulators and 3 of the 6 putative 

positive regulators of EPO production were validated (Fig 3-3C).  

 

Gene level enrichment scores were determined by MAGeCK, reflecting the relative abundance 

of sgRNAs between eGFP high and low cells populations as well as the concordance across 

various sgRNAs targeting the same gene. Enrichment scores for the 9 genes that validated as 

regulators of EPO production were overall improved in the secondary screen compared to the 

genome-scale screen (Fig 3-3D). Similar analysis showed that MAGeCK gene level enrichment 

scores for the 6 genes that were proven to not impact EPO production were overall significantly 

reduced in the secondary screen compared to the genome-scale screen (Fig 3-3E). These results 

demonstrate that the secondary screen appears to better separate true positive from false positive 

hits compared to the genome scale CRISPR screen, as expected.  

 

3.4.5 Analysis of the secondary CRISPR screen  

Using a false discovery rate (FDR) cutoff of 1%, gene-level analysis identified 100 genes that 

serve as negative regulators of EPO production (i.e. whose targeting was associated with 
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increased EPO production, Fig 3-4A and 3-4B), under either untreated or DMOG-treated 

conditions. As demonstrated in Fig 3-4C, a high degree of concordance was observed for 

negative regulators of EPO expression between both screens, performed with or without DMOG 

treatment (Fig 3-4D).  

 

Similarly, gene-level analysis identified 79 genes that positively regulate EPO production (i.e. 

whose targeting was associated with reduced EPO production, Fig 4A and 4B), under either 

DMOG treated or untreated conditions at FDR <1%. A high level of concordance was also 

observed for positive regulators of EPO expression between screens performed with and without 

DMOG (Fig 3-4E).  

 

To identify transcription factors that regulate EPO production, we first selected the 4 most highly 

ranked genes in the screen that encode DNA-binding proteins, and deleted each candidate gene 

or VHL as positive control in the HEG cell line using CRISPR/Cas9. Compared to cells 

transduced with non-targeting sgRNAs, deletion of VHL resulted in increased EPO in normoxia, 

with no further increase in EPO production in VHL deleted cells following DMOG 

administration (Fig 3-4F). These results are expected, since VHL deletion and DMOG 

administration induce EPO production via the same mechanism, mediated by HIF.  

 

In normoxia, deletion of MLL2 resulted in reduced EPO production, while deletion of TAF1C or 

ZNF574 resulted in increased EPO production (Fig 3-4G). In contrast, under DMOG treatment 

conditions, deletion of MLL2, TAF1C, ZNF574, or RFX7 resulted in increased EPO production 

compared to control cells transduced with non-targeting sgRNA (Fig 3-4H).  
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Figure 3–4 Analysis of the secondary CRISPR screen. (A,B) Volcano plots representing gene-level analysis, with 
the log2 fold changes of gRNAs abundance for each gene in the secondary library on the x-axis and the statistical 
significance on the y-axis. Volcano plots in no treatment condition is shown in panel (A) while data with DMOG 
treatment is shown in panel (B), with genes identified with FDR<1% displayed in green and red. (C, E) Venn 
diagrams of gene identified whose targeting was associated with increased (C) or reduced (E) EPO production under 
no treatment or DMOG treated conditions. (D) Scatter plot shows log2 fold enrichment for genes with FDR<1%  in 
the no treatment (x-axis) and PHD inhibited (y-axis) conditions. The log2 fold enrichment (in eGFP high versus 
eGFP low cells) was calculated by MAGeCK analysis. A good correlation was observed between both conditions. 
The best fit line has R2=0.8644. (F) Comparison of EPO induction in HEG cells (measured by mean GFP 
fluorescence) between untreated and DMOG treatment conditions following deletion of certain (indicated on the x-
axis) versus control cells transduced with non-targeting (NT) sgRNA. (G,H) Intracellular mean eGFP flourescence 
intensity in HEG cells deleted for genes (indicated on the x-axis) versus control cells transduced with non-targeting 
(NT) sgRNAs, under no treatment (G) or DMOG (H) conditions. 
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3.4.6 ZNF574 deletion leads to increase in EPO production 

ZNF574 deletion resulted in the highest increase in EPO production with HIF activation. 

Therefore we  selected ZNF574 for further evaluation. To rule out an off-target effect of the 

ZNF574-targeting sgRNA, we generated three additional ZNF574-targeting sgRNAs (sgRNAs 2-

4). All ZNF574 targeting sgRNAs were found to be highly efficient by TIDE analysis, resulting 

in insertions/deletions rates between 89% and 97%. ZNF574 deletion using all 3 sgRNAs 

resulted in a ~2-fold increase in intracellular EPO levels (p<0.0001) at normoxia (Fig3-5A). 

Therefore, we have validated that ZNF574 deficiency results in increased EPO production using 

4 independent sgRNAs.   

 

Notably, under hypoxic condition (2% oxygen), deletion of ZNF574 resulted in a more profound 

increase in EPO level compared to i) cells receiving non-targeting sgRNAs under DMOG 

conditions and ii) cells deleted for ZNF574 under normoxia conditions (Fig. 3-5B), suggesting 

that in contrast to VHL, ZNF574 regulates EPO production independent of HIF.  

 

We next deleted ZNF574 in HEP3B cells and measured the cellular EPO mRNA level by qRT-

PCR as well as the EPO protein level in conditioned media by ELISA. ZNF574 deletion resulted 

in a significant increase in EPO mRNA levels under hypoxia but not under normoxia (Fig 3-5C 

and 3-5D). In normoxia, the amount of EPO protein in conditioned media is below the detection 

limit of the ELISA kit. In hypoxia, EPO protein is higher in conditioned media of cells deleted 

for ZNF574 compared to cells transduced with non-targeting sgRNAs (Fig 3-5E). Altogether, 
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these results demonstrate that ZNF574 deletion results in increased EPO production at the 

transcriptional level.  
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Figure 3–5 ZNF574 deletion leads to increase in EPO production. (A) A comparison of mean eGFP fluorescence 
intensity in cells treated with control non-targeting (NT) sgRNA versus cells treated with three distinct ZNF574-
targeted sgRNAs in normoxia. (B) Comparison of EPO induction in HEG cells (measured by mean GFP 
fluorescence) between normoxia (black bars) and hypoxia (gray bars) conditions for cells transduced with ZNF574-
targeting sgRNAs or non-targeting sgRNA. (C, D) EPO mRNA level measured by qRT-PCR in cells transduced 
with non-targeting control sgRNA or three indepedent ZNF574-targeting sgRNA, under normoxia (C) and hypoxia 
(D). (E) Extracellular EPO level in conditioned media from cells transduced non-targeting sgRNA or ZNF574 
targeting sgRNA; cells were incubated in hypoxia for 24-hour prior to media collection. 
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3.4.7 Genes regulated by ZNF574 

To determine the repertoire of genes that are regulated by ZNF574, we compared the 

transcriptomes of ZNF574 null HUDEP2 cells to WT control cells, both under normoxia and 

hypoxia (2% O2) conditions.  

 

Under normoxic conditions, using an average fold change cutoff of 2-fold and adjusted p-value 

<0.05, we found that the expression of 80 genes is increased while the expression of 45 genes is 

decreased in ZNF574 null cells (Fig 3-6A). Using similar statistical cutoffs, we found that under 

hypoxia, the expression of 235 genes is increased, while the expression of 94 genes is decreased 

in ZNF574 null cells (Fig 3-6B). A high concordance is observed between genes regulated by 

ZNF574 under conditions of normoxia and hypoxia (Fig3- 6C). As previously shown, EPO 

mRNA level is increased more significantly in ZNF574 deficient cells exposed to hypoxia (Fig 

3-6D).  

 

We next evaluated the expression of HIFa and known HIF-regulated genes in ZNF574 null 

versus WT cells. The expression of HIF1A, EPAS1, and HIF3A (which encode HIF1a, HIF2a, 

and HIF3a, respectively) was not significantly different between ZNF574 deleted cells and WT 

controls. Additionally, while the expression of a minority of HIF-regulated genes was mildly 

increased in ZNF574 deficient cells, the expression of the majority of HIF-regulated genes, such 

as LDHA, IGF2, and CA9, was unchanged (or even mildly reduced) in ZNF574 deficient versus 

WT cells (Fig 3-6E). Taken together, these data suggest that ZNF574 deficiency results in 

increased EPO without affecting all HIF regulated genes, suggesting that this is mediated 

independent of the HIF pathway, though this remains to be definitively proven.   
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Figure 3–6 Genes regulated by ZNF574. Volcano plots comparing gene expression in ZNF574 null versus WT 
HEP3B cells under (A) normoxia and (B) hypoxia. Each dot in plots represents an individual gene, genes that are 
significantly regulated are highlighted in red, marked by an absolute fold change of 2 or higher and a adjusted p-
value of less than 0.05. (C) Log2 fold change for genes whose expressions were significantly changed (adjusted p-
value <0.05) in ZNF574 deficient cells under normoxia (y-axis) or hypoxia (x-axis). (D) Bar graph shows the 
relative fold change in EPO mRNA level under normoxia and hypoxia in ZNF574 deleted cells. (E) A heatmap of 
the RNA-sequencing results, describing the difference between wildtype and ZNF574 deficient HEP3B cells. Red 
denotes upregulated genes in ZNF574 deficient cells, blue indicating downregulated genes in ZNF574 deleted cells. 
The left column represents gene expression levels under normoxia, and the right column represents gene expression 
levels under hypoxia.     
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3.4.8 Discussion  

Genome-scale CRISPR screens represent a significant forward-leap in functional genomics, 

allowing researchers to perturb nearly every gene in the genome in pooled fashion, to identify 

novel genes that impact a particular phenotype [112]. The high-throughput, unbiased nature of 

these screens surpasses what is achievable with traditional methods, in which each gene is 

perturbed independently, thus potentially resulting in an accelerated pace of genetic 

discovery[107, 111, 129]. A major advantage of CRISPR technology is its specificity; 

CRISPR/Cas9-mediated gene deletion result in fewer off-target effects than older techniques 

such as RNA interference (RNAi).  

 

In this report, we describe the development and validation of a HEP3B reporter cell line that 

serves as a biosensor for EPO production, by inserting eGFP coding sequences in the 

endogenous locus of EPO. To identify new regulators of EPO production, we performed a 

genome-scale CRISPR knock-out screen using the reporter HEP3B cell line. This screen was 

performed under normoxia and conditions mimicking hypoxia, to facilitate the identification of 

genes that potentially impact EPO production independent of HIF.  

 

A notable challenge in CRISPR screens that require FACS sorting of a small proportion of cells, 

is the depth achieved with these screens. To overcome this limitation, we developed a custom 

CRISPR library targeting the top 1,255 genes nominated by the genome-scale screen and 

performed a targeted screen with a significantly higher depth of coverage. This screen identified 

ZNF574 as a novel candidate gene that regulates EPO production.  
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To validate the role of ZNF574 in EPO production, we deleted ZNF574 in HEP3B cells using 3 

independent sgRNAs, and evaluated the impact of this deletion on EPO production. Disruption 

of ZNF574 resulted in increased EPO mRNA and protein production. Notably, ZNF74 

deficiency resulted in increased EPO levels under both normoxia and hypoxia. Additionally, we 

found that ZNF574 deletion does not impact most of the genes known to be regulated by HIF. 

These results suggest that ZNF574 disruption results in increased EPO expression independent of 

HIF. This finding will be further validated in the future, in a cell line that is deleted for the HIF-

responsive elements.  

 

Since sustained HIF activation mediated by PHD inhibitors may result in oncogenesis and 

neovascularization, targeting ZNF574 would not be expected to have the same limitations as 

PHD inhibitors. Future studies aimed at identifying the exact mechanism by which ZNF574 

regulates EPO production may result in the identification of novel therapies that promote EPO 

production independent of HIF.   
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Chapter 4 Discussion 

 

Erythropoietin (EPO) is a plasma glycoprotein that plays an essential role in regulating red blood 

cell production[1-8]. Circulating EPO binds its receptor, EPOR, located on the surface of 

erythroid progenitor cells, resulting in cell survival, proliferation, and differentiation. This 

regulatory function is critical, as demonstrated by the early embryonic lethality (at ~E12.5) of 

mice lacking Epo or EpoR [9, 10]. Although EPO is suspected to have additional roles outside of 

blood cell formation, its primary and well-established function is to support erythropoiesis [11-

16].  

 

Within the hematopoietic system, multipotent stem cells divide and differentiate through several 

stages to ultimately produce cells that are committed to a specific differentiation fate. The first 

committed progenitor in the erythroid lineage is known as the 'Burst-forming unit-erythroid' 

(BFU-E), which develops into 'colony-forming units-erythroid' (CFU-E). CFU-Es then produce 

proerythroblasts, which differentiate to become basophilic, polychromatic, and orthochromatic 

erythroblasts sequentially [17, 18]. Orthochromatic erythroblasts discard their nuclei and become 

reticulocytes, which further mature into red blood cells. While EPO may guide hematopoietic 

progenitors toward the erythroid lineage, it is dispensable for the very early commitment of 

multipotent progenitors to the erythroid lineage[3].  The generation of BFU-E and CFU-E is 

independent of EPO. In contrast, EPO becomes crucial from the CFU-E and proerythroblast 

stages onward[1-8]. 
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EPO regulation is critical for sustaining an adequate level of erythropoiesis. Overproduction of 

EPO can lead to erythrocytosis (an abnormal increase in the number of red blood cells), which 

can in some circumstances increase the risk of thrombosis  [86]. Conversely, insufficient EPO 

production leads to a low red blood cells count (anemia), which when severe results in systemic 

symptoms, including fatigue and inadequate oxygen transport in the body [82, 83]. 

 

The production of EPO is induced under hypoxic conditions, in the liver and kidneys [28-30] 

[35-38]. This process is regulated by the hypoxia-inducible factor (HIF), which acts as a 

transcriptional activator for EPO [28, 30, 35, 39, 50, 57-64]. In the EPO-producing cells of the 

liver and kidneys, HIF binds hypoxia-responsive elements at the EPO locus, enhancing the 

transcription of EPO [45, 65] [54, 55]. The HIF complex is composed of both an oxygen-

sensitive subunit (either HIF1a or HIF2a) and a continuously expressed subunit (HIF1B). The 

HIF2a subunit is primarily responsible for the upregulation of EPO transcription, with a 

secondary contribution from the HIF1a subunit [68].  

 

The stability of the oxygen-sensitive HIF subunit is closely linked to the availability of oxygen. 

Under oxygen-rich conditions (normoxia), the HIFA subunit undergoes hydroxylation at specific 

proline residues by prolyl hydroxylase domain-containing enzymes (PHD1, PHD2, or PHD3). 

Post-hydroxylation, the modified HIF is recognized by the von Hippel-Lindau protein (VHL), 

which is part of an E3 ubiquitin ligase complex [69-71]. This leads to the polyubiquitination and 

subsequent proteasomal degradation of HIFA. Furthermore, the binding of HIF to its 

transcriptional co-activator p300 is impaired during normoxia because an asparagine residue on 

HIF is hydroxylated by the enzyme 'factor inhibiting HIF' (FIH), also an oxygen-dependent 
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process [71, 72]. As a result, the transcription of the EPO gene is suppressed during normoxic 

conditions due to HIF protein degradation and HIF's interaction with p300 is inhibited. In 

contrast, during hypoxic conditions, the activities of the PHD enzymes and FIH are diminished, 

allowing HIF to remain stable and to bind the transcriptional co-activator p300, leading to the 

transcription of HIF-targeted genes, such as EPO.  

 

While the role of HIF in EPO regulation is well-established, there is limited understanding of the 

proteins that regulate EPO secretion and production via HIF-independent mechanisms. 

Identifying and characterizing such mechanisms could provide insights into alternative 

regulatory pathways influencing erythropoiesis, potentially revealing new therapeutic targets for 

treating anemias and other disorders of red blood cell production. 

 

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) screening technology has 

revolutionized the field of genomics allowing the application of unbiased screens to identify 

genes involved in various biological processes, including the regulation of erythropoietin (EPO) 

production and secretion.  

 

As described in chapter two, I performed an unbiased genome-wide loss-of-function screen 

aimed at identifying proteins that regulate EPO secretion. To perform this screen, I generated a 

reporter HEK293T cell line that expresses GFP-tagged EPO and, as an internal control, 

mCherry-tagged A1AT. Through this screen, SURF4 was identified as top candidate gene that 

impact the intracellular EPO level. Validation studies showed that SURF4 deletion led to 

intracellular EPO accumulation and extracellular EPO depletion. In contrast, SURF4 
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overexpression resulted in the opposite effect. Consistent with the reported localization of 

SURF4 at the ER membrane, we found an accumulation of EPO in the ER of SURF4 deficient 

cells. Co-IP experiment showed that SURF4 and EPO physically interact. Collectively, we 

demonstrate compelling evidence that SURF4 functions as the ER cargo receptor crucial for the 

efficient secretion of EPO. The studies described above were performed in a reporter 

heterologous HEK293T cell line. To test the effect of SURF4 deletion on the secretion of 

endogenous EPO, we deleted SURF4 in human HEP3B cells, and confirmed the above findings 

described in HEK293T.  

 

SURF4 is the mammalian homolog of Erv29p, a yeast protein that aids in the packaging of pro-

alpha-factor into COPII vesicles to facilitate its transit from the ER to the Golgi apparatus [117, 

125, 126]. Like Erv29p, SURF4 is implicated in similar transport processes in mammalian cells. 

Currently, only a few known cargos are known to depend on SURF4 for efficient secretion, 

including APOB, PCSK9, DSSP, AMLEX, and GH [106, 118, 128]. Yet, mice lacking SURF4 

die early in embryonic development, hinting at the existence of critical embryonic cargos that are 

SURF4-dependent  [108]. Future studies aimed at identifying the repertoire of proteins that 

depend on SURF4 for secretion are of high importance in the field.  

 

A recent study introduced the notion that proteins requiring SURF4 for efficient export from the 

ER share a common "ER-ESCAPE" motif at the beginning of the protein that becomes exposed 

after the signal sequence is removed [128].  It is this motif that SURF4 supposedly recognizes. 

However, this high-affinity binding motif for SURF4 is not present in the EPO sequence. In 

contrast, thrombopoietin (TPO), which does possess a N-terminal motif predicted to have 
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stronger SURF4 affinity, does not depend on SURF4 for secretion. These findings demonstrate 

that the presence of the "ER-ESCAPE" motif may not be the sole determinant for SURF4's role 

in the secretion of its cargo proteins.  

 

In the third chapter, we conducted a second genome-scale CRISPR knock-out screen aimed 

specifically at uncovering regulators of EPO production. For this screen, we developed and 

validated a HEP3B reporter cell line that expresses eGFP from the endogenous locus of EPO. 

The screen was performed under both normoxic conditions and conditions mimicking hypoxia 

(using a PHD inhibitor), allowing us to pinpoint genes that may influence EPO production 

independent of the HIF pathway. This genome-scale screen nominated several genes with a role 

in EPO production, which were further validated in a secondary screen using a targeted library at 

a high depth of coverage. This screen identified ZNF574 as a novel candidate gene that regulates 

EPO production.  

 

To validate the screen findings, we deleted ZNF574 in HEP3B cells and found that ZNF574 

deficiency results in increased EPO mRNA and protein production, both under normoxia and 

hypoxia. Moreover, deletion of ZNF574 appeared to have no noticeable impact on the expression 

of the majority of genes that are known to be regulated by HIF. These findings suggest that 

ZNF574 disruption results in increased EPO production independently of HIF.  

 

As demonstrated in this dissertation, utilizing unbiased genome-scale CRISPR screens, I 

discovered SURF4 and ZNF575 as two previously unidentified regulators of EPO secretion and 

EPO production, respectively. Further studies are warranted to elucidate the pathways and 
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mechanisms by which ZNF574 (and additional proteins uncovered in the CRISPR screens) 

regulate EPO production.  
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