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Abstract:  
 
Cancer cells commonly develop resistance to immunotherapy, commonly by loss of antigen 
expression. Combinatorial treatments that increase levels of the target antigen on the surface of 
cancer cells have the potential to restore efficacy to immunotherapy. Here, we use our CRISPR 
interference and CRISPR activation-based functional genomics platform to systematically 
identify pathways controlling cell-surface expression of the multiple myeloma immunotherapy 
antigen BCMA. We discovered that inhibition of HDAC7 and the Sec61 complex increased cell-
surface BCMA, including in primary patient cells. Importantly, pharmacological Sec61 
inhibition enhanced the anti-myeloma efficacy of a BCMA-targeted antibody-drug conjugate. A 
CRISPR interference CAR-T coculture screen enabled us to identify both antigen-dependent and 
-independent mechanisms controlling response of myeloma cells to BCMA-targeted CAR-T 
cells. Thus, our study demonstrates the potential of CRISPR screens to uncover mechanisms 
controlling response of cancer cells to immunotherapy and to suggest potential combination 
therapies.  
 
 
Statement of significance: 
Cancer patients can acquire resistance to immunotherapy, often by reducing expression of the 
targeted antigen. Using CRISPR screens, we systematically identified mechanisms increasing 
expression of the immunotherapy target BCMA and efficacy of a BCMA-directed antibody drug 
conjugate. We also identified antigen-independent mechanisms regulating response of cancer 
cells to CAR-T cells. 
 
Introduction: 
Immunotherapy has transformed the treatment of many types of cancer. As with other 
therapeutic strategies, emergence of treatment-resistant cancer cells remains a major challenge. 
CRISPR-based genetic screens are a powerful research tool to define mechanisms of treatment 
resistance in cancer cells, and to design strategies to overcome resistance. CRISPR screens have 
recently been applied to define cellular mechanisms by which cancer cells can regulate the levels 
of programmed cell death ligand 1 (PD-L1) (1), which in turn determines the response to anti-
PD-L1 therapy, and to identify factors controlling the sensitivity to CD22-targeted antibody-
drug-conjugates (ADCs) (2).  
 An important mechanism by which cancer cells can become resistant to different forms 
of immunotherapy in the clinic, including monoclonal antibodies, ADCs, and chimeric antigen 
receptor T (CAR-T) cells, is the downregulation or loss of the targeted antigen (3) (4), also 
termed “antigen escape”. Preclinical studies have demonstrated that resistance due to antigen 
loss can be rescued by combining drugs that function to upregulate antigen gene expression 
(3,5,6). Additionally, pharmacological strategies to increase antigen expression have shown 
promise in improving responses to immunotherapy (5,6). Therefore, we reasoned that genome-
wide CRISPR-based screens designed to identify mechanisms for upregulation of specific 
antigens would be a systematic and scalable approach to identify such combinatorial treatments. 
 Here we apply this strategy to an immunotherapy target in multiple myeloma, B cell 
maturation antigen (BCMA) encoded by the TNFRSF17 gene. BCMA is expressed on the cell 
surface of myeloma cells, plasma cells and some mature B cells (7)) and not detected in other 
normal tissue, making it an attractive immunotherapy target for multiple myeloma (8). BCMA 
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protein belongs to the tumor necrosis factor receptor (TNFR) superfamily, along with B-cell 
activation factor receptor (BAFF-R) and transmembrane activator and calcium modulator and 
cyclophilin ligand interactor (TACI) (8). By binding to their ligands a proliferation-inducing 
ligand (APRIL) and BAFF, they regulate B cell proliferation, survival and differentiation into 
plasma cells (8). Recent studies have shown that membrane-bound BCMA (mBCMA) is cleaved 
on the cell surface by the gamma-secretase complex to a soluble form of BCMA (sBCMA) that 
includes the extracellular domain and a small part of the transmembrane domain (9).  

BCMA is currently being evaluated in numerous clinical trials as an immunotherapy 
target in multiple myeloma (8). BCMA-targeted immunotherapy agents have shown improved 
responses in relapsed and refractory patients (10,11). However, as with other multiple myeloma 
therapies, resistance and relapse to BCMA-targeted therapies has emerged as a significant 
challenge and presents an unmet need (12,13). Ongoing clinical trials using BCMA-targeted 
chimeric antigen receptor T cells (CAR-T cells) have reported antigen loss in some patients 
undergoing relapse (12,13), indicating that reduced cell-surface levels of BCMA may be an 
important mechanism of therapy resistance. However, the underlying cellular mechanisms 
remain to be understood. 

Therefore, our goal was to systematically elucidate the mechanisms by which the cell-
surface expression of BCMA is controlled in myeloma cells, and to test whether some of these 
mechanisms would be potential targets for combination therapy to enhance BCMA-directed 
immunotherapy. Here, we use our CRISPR-interference/CRISPR-activation 
(CRISPRi/CRISPRa) functional genomics platform (14,15) to identify genes or pathways 
regulating cell surface levels of BCMA in multiple myeloma cells. Using this approach, we 
identified cellular mechanisms at the levels of transcription, post-translational trafficking and 
processing that selectively controlled cell-surface levels of BCMA, but not of another 
immunotherapy target in multiple myeloma, CD38. Pharmacological targeting of several hits 
from our genetic screen, including HDAC7 and the Sec61 complex, upregulated cell surface 
BCMA in myeloma cell lines and patient samples. Moreover, inhibition of Sec61 complex 
increased the efficacy of BCMA-targeted antibody drug conjugate (ADC). 

Furthermore, we conducted a CRISPRi screen for genes controlling sensitivity of 
multiple myeloma cells to BCMA-directed CAR-T cells. To our knowledge, this is the first 
genetic screen for genes in cancer cells controlling response to CAR-T cells directed against a 
clinically relevant target. This screen uncovered both antigen-dependent and antigen-independent 
mechanisms modulating sensitivity to BCMA-targeted CAR-T cells.  

Our results demonstrate the potential of CRISPR screens to elucidate mechanisms 
controlling the response of cancer cells to immunotherapy and the identification of potential 
pharmacological strategies to enhance immunotherapy. 
 
Results: 
 
Genome-wide CRISPR screens to identify genes controlling cell surface BCMA expression 
 
To identify novel genes or pathways regulating cell surface expression of BCMA in MM cell 
line, we performed genome-wide CRISPRi and CRISPRa screens in a multiple myeloma cell line 
(Fig 1A). To select a suitable cell line for these primary screens, we compared levels of BCMA 
expression on the RNA (www.keatslab.org) and cell surface protein levels for a panel of multiple 
myeloma cell lines (Fig. 1B). We found that AMO1 cells expressed moderate levels of cell 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 7, 2019. ; https://doi.org/10.1101/833707doi: bioRxiv preprint 

https://doi.org/10.1101/833707


surface BCMA. We therefore  selected this line for our primary screen as we reasoned it would 
enable us to identify modifiers that either increase or decrease BCMA surface levels (Fig 1B).  

AMO1 cells were lentivirally transduced to express the CRISPRi and CRISPRa 
machinery and CRISPR functionality was tested using sgRNA targeted towards CD38 and 
CXCR4 respectively (Supplementary Fig S1). The genome-wide screen was conducted as shown 
in Fig 1A. Briefly, AMO1 cells expressing the CRISPRi and CRISPRa machinery were 
transduced with pooled genome-wide sgRNA library. The cells were then stained for cell surface 
BCMA using fluorescent tagged antibody and subjected to flow sorting into BCMA-low and 
BCMA-high populations. Frequencies of cells expressing each sgRNA were identified by next-
generation sequencing. Using a stringent cut-off (false-discovery rate (FDR) ≤ 0.01), the 
genome-wide CRISPRi screen identified several genes regulating cell surface expression of 
BCMA (Fig. 1C and Supplementary Table S1). Knocking down BCMA itself or its transcription 
factor POU2AF1 (16) both resulted in significant downregulation of cell surface BCMA 
expression, thus validating the screen (Fig 1C). Furthermore, all of the subunits of the gamma 
secretase complex were among the top hits, and their knockdown resulted in a significant 
increase in cell surface BCMA (Fig 1C), consistent with previous reports from other groups 
(6,9). Moreover, we identified several functional categories of genes regulating expression levels 
of BCMA including subunits of the Sec61 translocon complex, peroxisome biogenesis, 
proteasome subunits, and regulators of transcription (Fig 1C). 

Our CRISPRa genome-wide screen (Fig. 1D and Supplementary Table S2) identified 
genes in the Mucin family (MUC1, MUC21) and several genes involved in transcriptional 
regulation (POU2AF1, CBFA2T3, MAML2, RUNX3) that regulated surface BCMA. Systematic 
comparison of the parallel CRISPRi and CRISPRa screens (Fig. 1E) revealed that 
overexpression and knockdown of some genes had opposing effects on BCMA surface levels – 
including BCMA itself and POU2AF1. However, other genes were hits in only the CRISPRi or 
CRISPRa screens, notably the subunits of the gamma secretase complex and the Sec61 complex; 
highlighting the fact that CRISPRi and CRISPRa screens can uncover complementary results, as 
we previously described in other systems (14). 

 
Validation of hit genes in a panel of multiple myeloma cell lines 
To test the generality of our findings, we decided to validate hit genes from the primary screen 
performed on the AMO1 cells in a panel of multiple myeloma lines, which we engineered to 
express CRISPRi machinery and in which we confirmed CRISPRi activity (Supplementary Fig. 
S1). We chose the top 50 hits with a significant phenotype from the CRISPRi screen for testing 
in this panel. The secondary screen was performed similarly to the genome-wide screen to 
validate changes in BCMA. The screen was carried out in parallel for a different cell surface 
protein expressed in all multiple myeloma lines, CD38, to investigate whether hit genes 
selectively affected BCMA expression, or more generally affected expression of several cell-
surface proteins.  

As observed in the primary CRISPRi screen, knockdown of the subunits of gamma 
secretase subunits significantly increased cell surface BCMA (Fig. 2A). We found this effect to 
be selective for BCMA, since gamma secretase knockdown had no effect on CD38 expression in 
a panel of MM cell lines (Fig 2A). This was further validated using a pharmacological inhibitor 
of gamma secretase complex, RO4929097 (17). MM cell lines treated with the indicated 
concentration of RO4929097 showed an increase in both BCMA cell surface expression by flow 
cytometry (Fig 2B) and in total protein levels of BCMA by immunoblotting (Fig 2C). Thus, we 
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were able to successfully validate genes from our primary screen in a panel of MM cell lines, 
using both genetic and pharmacological perturbations. 

Several of the novel factors from our primary screen also validated in the larger panel of 
multiple myeloma cells (Fig. 2A and Supplementary Table S3), most notably the transcriptional 
regulator HDAC7 and SEC61A1, a subunit of the SEC61 translocon. Knockdown of both factors 
increased cell-surface levels of BCMA, but not CD38 (Fig 2A).  
 
Class II HDAC inhibition upregulates BCMA transcription 
Our screen found that knockdown of HDAC7 specifically increases cell-surface levels of BCMA 
in several multiple myeloma lines (Fig. 2A). HDAC7 is a member of the histone deacetylase 
(HDAC) family, which have emerged as crucial transcriptional co-repressors(18). HDAC7 
belongs to the Class II family of HDACs, which are subdivided into Class IIa including 
HDAC4,5,7,9 and Class IIb including HDAC6 and HDAC10 (18). We validated our screen 
findings using a pharmacological inhibitor targeting Class IIa HDACs, TMP269 (19). Treatment 
of RPMI8226 cells with increasing concentrations of TMP269 showed a two-fold increase in 
BCMA protein levels (Fig 3A-C). Because HDACs have been established to regulate 
transcription of several genes, we performed qPCR to analyze for changes in transcript levels of 
BCMA. Our results showed a two-fold increase in BCMA transcript levels (Fig 3D), indicating 
that Class II HDAC inhibition regulates transcription of BCMA. No significant change was 
observed in the CD38 protein or transcript levels (Fig 3A, 3D). 
 To investigate whether this change in BCMA levels is specific to Class IIa HDAC 
inhibition, we treated cells with a pan-HDAC inhibitor, panobinostat (20), and a HDAC6-
specific inhibitor, ricolinostat (21) (Fig3A, 3D). Our results showed no increase in BCMA 
transcript levels with these agents. Furthermore, treatment with TMP269 in K562 cells, which do 
not express BCMA, did not lead to an increase in BCMA expression (Supplementary Fig S2). 
This finding suggests that TMP269 can enhance BCMA expression in cell types that naturally 
express it, but that it does not induce ectopic expression in other cell types at measurable levels. 
These results indicate the potential for using Class IIa HDAC inhibition to increase expression of 
BCMA in plasma cells in the context of BCMA-targeted immunotherapy without unintended 
effect on cell types that do not express BCMA.  
 
 
The Sec61 translocon regulates BCMA protein levels 
Most integral plasma membrane proteins are inserted into membranes via the Sec61 translocon, 
located in the endoplasmic reticulum. It has been shown that inhibition of Sec61 affects correct 
localization of a subset of membrane proteins, and that sensitivity is determined by the N-
terminal signal peptide or first transmembrane domain(22,23). Surprisingly, our CRISPRi screen 
identified that knockdown of genes in the SEC61 pathway, such as the SEC61A1, SEC61G, SSR1 
and OSTC, resulted in an increase – rather than a decrease - in BCMA cell surface levels (Fig. 
1C). This unexpected finding was confirmed in our validation screens in the panel of multiple 
myeloma cell lines (Fig. 2A). Conversely, SEC61A1 knockdown resulted in a decrease in CD38 
cell surface levels (Fig. 2A), as would be expected for most membrane proteins. 
 To test whether pharmacological inhibition of the Sec61 translocon complex phenocopies 
the genetic knockdown, we treated cells with SEC61 inhibitors, CT8 (22) and PS3061(24). We 
observed that treatment of MM cell lines with increasing concentrations of these compounds 
results in an up to five-fold dose-dependent increase in cell-surface BCMA levels and a decrease 
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in cell surface CD38 levels, as evidenced by flow cytometry (Figs. 4A, 4D, Supplementary Fig 
S3A). Moreover, immunoblotting also showed a dose-dependent increase in total BCMA protein 
levels (Fig. 4B, 4E, Supplementary Fig S3B) and up to two-fold increase in BCMA transcript 
levels (Fig. 4C, 4F). This change in transcript levels could be due to stabilization of mRNAs 
bound to ER-targeted ribosomes upon inhibition of the SEC61 complex. Furthermore, treatment 
of cells with SEC61 inhibitors resulted in a decrease in TACI, which, like BCMA, belongs to the 
TNFRSF family of proteins (Supplementary Fig S3C), indicating that the SEC61 inhibition 
selectively upregulates BCMA levels. 

To uncover the mechanism by which SEC61 inhibition increases BCMA levels, we first 
tested the possibility that a reduction in gamma-secretase levels at the plasma membrane would 
reduce shedding of BCMA from the cell surface. Pharmacological inhibition of either the 
gamma-secretase or Sec61 resulted in increased cell surface BCMA as evidenced by flow 
cytometry (Fig. 4G). To determine levels of sBCMA generated by gamma-secretase processing, 
we performed sandwich ELISA assay on cells treated with PS3061 or gamma secretase inhibitor, 
RO4929097 for 24 hrs. Our results show that inhibition of gamma-secretase activity substantially 
reduced sBCMA levels, whereas we did not observe substantial changes in sBCMA levels with 
SEC61 inhibition (Fig 4H). This finding indicated that the increase in cell-surface BCMA is not 
driven by reduced shedding of BCMA. Further investigation is required to determine the 
mechanism by which SEC61 modulates BCMA cell surface expression. 
 To validate our findings in primary patient cells, we treated bone marrow mono-nuclear 
cells (BM-MNCs) derived from different MM patients (Supplementary Table S4) with 
increasing concentrations of TMP269 and RO4929097 for 24 hrs and analyzed the expression of 
BCMA on plasma cells by flow cytometry. We observed an up to 2.5-fold increase in cell-
surface BCMA with class II HDAC inhibition and an up to 8-fold increase with gamma-secretase 
inhibition (Fig. 5). Similarly, treatment with the Sec61 inhibitor PS3061 increased cell-surface 
levels of BCMA in primary patient cells approximately two-fold, while not affecting cell-surface 
levels of CD38 (Fig. 5). 
 
Increased efficacy of BCMA-ADC when combined with Sec61 inhibitor 
 
Immunotherapy agents such as antibody drug conjugates (ADC) are sensitive to changes in 
expression of target antigen (25). We developed an ADC targeting BCMA, HDP101 (26-28) that 
has proven efficacy in MM cell lines at sub-nanomolar concentrations. Here, we knocked down 
BCMA using two independent sgRNAs in CRISPRi expressing KMS11 cells (Supplementary 
Fig S4) and performed a dose-response assay using increasing concentrations of BCMA-ADC. 
Our results indicate that cell lines in which BCMA is knocked down no longer respond to the 
ADC, thus establishing that the therapy is dependent on expression levels of BCMA on the cell 
surface (Fig 6A). Moreover, when cells were pre-treated for 24 hrs with either the gamma 
secretase inhibitor RO4929097 or the Sec61 inhibitor PS3061 at concentrations increasing cell 
surface levels of BCMA (Fig. 6B), we observed increased efficacy of the BCMA-ADC on the 
myeloma cell lines (Fig 6C). These findings demonstrate that our CRISPR screen was able to 
identify druggable targets that enhance the efficacy of immunotherapy agents. 
 
BCMA CAR-T cell co-culture screen reveals myeloma cell-intrinsic proteins that affect 
CAR-T efficacy 
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The successful development of CAR-T cell therapies for B cell malignancies and myeloma has 
revolutionized therapy for patients not responding to or relapsed from standard treatments. 
However, patients can also develop resistance to CAR-T cell therapies. Mechanisms underlying 
resistance include poor persistence of CAR-T cells, loss of antigen expression on cancer cells, or 
additional, antigen-independent mechanisms yet to be determined (10,29,30). A systematic 
understanding of these mechanisms will enable us to design potential combination therapies pre-
empting resistance to CAR-T cell therapy.  Here, we used our CRISPR screening platform to 
identify genes or pathways that control sensitivity and resistance of multiple myeloma cells to 
BCMA-targeted CAR-T cells.  

First, we generated BCMA CAR-T cells by transducing CD8+ T cells with a lentiviral 
vector encoding a second generation CAR incorporating an anti-BCMA single chair variable 
fragment, CD8a signal peptide, 4-1BB costimulatory domain and CD3-zeta signaling domain 
(see Methods). We validated the activation of BCMA CAR-T cells in the presence of AMO1 
cells (Fig. 7A), and their cytotoxicity against AMO1 cells (Fig. 7B). Knockdown of BCMA in 
AMO1 cells using two independent sgRNAs (Supplementary Fig. S5) reduced both activation 
and cytotoxicity of BCMA-targeted CAR-T cells (Fig. 7A-B). This finding indicated that the 
efficacy of the CAR-T cells depends on the cell-surface levels of BCMA in myeloma cells (Fig. 
7A-B).  

While the expression level of the target antigen is a major determinant of response to 
CAR-T cells, there are likely also antigen-independent determinants. To systematically identify 
such determinants, we conducted a CRISPRi screen to identify genes or pathways in myeloma 
cells determining response to BCMA CAR-T cells (Fig. 7C). AMO1 cells expressing the 
CRISPRi machinery and an sgRNA library targeting 12,838 genes (including kinases, 
phosphatases, cancer drug targets, apoptosis genes, mitochondrial genes and transcription 
factors) were grown as mono-culture or co-cultured with BCMA CAR-T cells at a ratio of 1:1. 
24 hours later, the surviving cells were harvested and processed for next-generation sequencing.  

This CRISPRi screen identified a substantial number of genes regulating sensitivity to 
CAR-T cells (Fig. 7E and Supplementary Table S5). Comparing BCMA cell-surface levels to 
CAR-T sensitivity for different sgRNAs targeting BCMA, we observed that surface levels 
correlated with sensitivity to BCMA CAR-T cells (Fig. 7D). For example, knockdown of 
subunits of the gamma secretase complex and genes involved in sialic acid biosynthesis 
pathways GALE and GNE, which change BCMA cell surface expression, also concordantly 
affected sensitivity to BCMA CAR-T cells (Fig. 7E-F).  

Furthermore, the screen identified a different category of genes, knockdown of which 
affected sensitivity of AMO1 cells to BCMA CAR-T cells without affecting cell-surface levels 
of BCMA. These genes included intercellular adhesion molecule 1 (ICAM1), which functions in 
T cell activation(31), and DNA fragmentation factor subunit alpha (DFFA), which is required for 
caspase activation to trigger apoptosis (32). Knockdown of ICAM1 or DFFA resulted in 
decreased CAR-T cell sensitivity. Conversely, knockdown of genes belonging to the family of 
diacyl glycerol kinases caused increased sensitivity to BCMA CAR-T cells (Fig. 7F). 
Intriguingly, diacyl glycerol kinases had previously been described as factors in CAR-T cells that 
increase CAR-T cell killing activity (33) but our study suggest that inhibition of diacyl glycerol 
kinases in cancer cells also enhances their sensitivity to CAR-T cells. 

This screen thus identified potential pathways that can regulate sensitivity to CAR-T cells 
either through changing cell surface expression of the antigen, or through an antigen-independent 
mechanism. 
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Discussion 
CRISPR-based genetic screens are powerful tools to define vulnerabilities of cancer cells and to 
uncover the determinants of their response to therapies. Previously, CRISPR screens have been 
used to identify novel immunotherapy target antigens (34), better understand immune checkpoint 
regulation (1), understand resistance mechanisms to different immunotherapies (2,35) and 
regulators of immune function (36). 
 Here, we demonstrate the potential of using CRISPR screens in two additional ways to 
improve our systematic understanding of the determinants of immunotherapy: FACS-based 
screening, based on the cell-surface expression of the targeted antigen, and survival-based 
screening of cancer cells in the presence of CAR-T cells directed against clinically relevant 
targets. 
 We used our CRISPRi/CRISPRa screening platform to systematically identify 
mechanisms for upregulation of BCMA, an immunotherapy target antigen in multiple myeloma 
and tested their potential as combinatorial treatments to increase efficacy to immunotherapy 
agents. Our study showed that in addition to gamma-secretase inhibition, pharmacological 
inhibition of Class II HDAC and the Sec61 complex upregulated BCMA in myeloma cell lines 
and patient samples. Importantly, we show that Sec61 inhibitor-induced BCMA upregulation can 
be exploited to enhance the efficacy of BCMA-targeted ADC against myeloma cells. Our data 
thus confirms the importance of cell-surface antigen levels in determining response to 
immunotherapy agents.  
 Our findings raise several mechanistic questions, which will be subject of future studies. 
In particular, it is not clear how SEC61 inhibition results in increased cell-surface levels of 
BCMA. SEC61 knockdown was previously shown to upregulate a subset of proteins (37). This 
effect on BCMA could be due to direct effects on the interaction of BCMA with the SEC61 
complex, or due to indirect effects mediated by changes in other SEC61 clients.  
 Both SEC61 and HDAC7 are potential combination targets for BCMA-targeted 
immunotherapy. Our SEC61 inhibitor sensitized myeloma cells to BCMA-targeted ADC, paving 
the way for testing its potential as a combinatorial treatment with BCMA-targeted 
immunotherapy in preclinical mouse models. Knockdown of HDAC7 and treatment of cells with 
Class II HDAC inhibitor resulted in upregulation of BCMA. However, general HDAC inhibitors 
such as panobinostat and the HDAC6-specific inhibitor, ricolinostat did not upregulate BCMA. 
These results highlight the importance of inhibiting specific HDACs, and provides a potential 
therapeutic use case for an HDAC7-specific inhibitor to enhance BCMA-targeted 
immunotherapy.  
 Our study establishes that CRISPR-based screens enable a systematic and scalable 
approach to identifying mechanisms of antigen expression. Uncovering pathways that regulate 
BCMA transcription, translation and trafficking to the cell surface enables us to propose 
effective treatment strategies in patients with low basal expression of BCMA or following 
relapse due to antigen-loss. Clinical trials are currently ongoing to investigate the combination of 
gamma-secretase inhibitor with BCMA CAR-T cell therapy (NCT03502577). However, it is 
likely that not all patients would respond similarly to gamma secretase inhibition, or resistance 
may also develop to this combination strategy. Therefore, identifying alternative ways to 
modulate BCMA, as we discover here, retains high clinical relevance. Our results also support 
the concept that strategies to upregulate antigen expression on cancer cells can enhance efficacy 
of antigen-targeted immunotherapy agents. 
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 Using a complementary strategy, our CRISPRi-CAR-T coculture screen uncovered both 
antigen-dependent and independent mechanisms in multiple myeloma cells that control the 
response to BCMA-targeted CAR-T cells. In particular, our screen showed that knockdown of 
diacylglycerol kinase (DGK) family of genes resulted in increased sensitivity to CAR-T cells. 
Previous groups have shown that inhibition of DGK-α activity in T cells using pharmacological 
inhibitors induced T cell activation, thus improving its cytotoxic activity on cancer cells (33,38). 
Our study indicates that knockdown of DGK kinases in myeloma cells increases sensitivity to T 
cells. This indicates that inhibitors against this family of kinases may be beneficial in CAR-T cell 
therapy of multiple myeloma through a dual mechanism, acting by both increasing T cell activity 
but also sensitizing myeloma cells to CAR-T cells.  
 Our study also identified genes in the sialic acid biosynthesis pathways, GALE and GNE, 
knockdown of which sensitized multiple myeloma cells to CAR-T cells. Although our BCMA-
expression screen identified these genes to upregulate BCMA, the effect size of sensitizing the 
cells to CAR-T cells was much higher than the change in BCMA expression, indicating that 
there could be additional mechanisms by which this pathway modulates response to CAR-T 
cells. Sialic acid blockade in cancer cells has been shown to create an immune-permissive tumor 
microenvironment increasing CD8+ T cell activity (39). Therefore, inhibition of GALE and/or 
GNE could modulate the tumor microenvironment and increase sensitivity to CAR-T cells in an 
antigen-independent mechanism. 
 In summary, we present two complementary screening approaches to identify potential 
combinatorial treatments that can enhance the efficacy of immunotherapy through antigen-
dependent and -independent mechanisms. These strategies should be readily adaptable to a broad 
range of cancer cell types, antigens, and immunotherapy modalities.  
 
Materials and Methods: 
 
Cell culture and CRISPR cell line generation 
Multiple myeloma cell lines AMO1 (gift from Christoph Driessen, Kantonsspital St. Gallen, 
Switzerland) , KMS11 (JCRB), KMS12-PE (JCRB), OPM2 (DSMZ) and RPMI8226-
luciferase (gift from Diego Acosta-Alvear, UCSB) (40) were grown in RPMI1640 complete 
growth media containing 10% fetal bovine serum (# 97068-085, Lot# 076B16, Seradigm), 1% 
Penicillin/Streptomycin (#15140122, Life tech) and 2 mM L-Glutamine (#25030081, Life 
tech). Cell lines were seeded at 0.2-0.4*106 cells/ml and passaged when they reached 1*106 
cells/ml cell density. All cell lines were validated by STR profiling service provided by 
Genetica DNA Laboratories. To establish cell lines expressing functional CRISPRi, the 
multiple myeloma cell lines were lentivirally transduced with pMH0006 (41) and polyclonal 
cell lines were established by fluorescence-activated cell sorting (FACS) for BFP-positive 
cells. CRISPRi activity was validated using sgRNA targeted towards a cell surface marker, 
CD38 (Supplementary Table S6). Briefly, CRISPRi MM cells expressing CD38 sgRNA or 
non-targeting control sgRNA were stained on day 10 post transduction using PE/Cy7 
conjugated CD38 (HIT2) antibody (#303515, Biolegend) and analyzed for changes in levels of 
CD38 by flow cytometry using BD FACSCelestaTM (BD Biosciences).      

For establishing CRISPRa cell line, AMO1 cells were lentivirally transduced with  
 pMJ467-pHR-dCas9-HA-XTEN-VPR-2XP2A-mCherry (gift from James Nunez, Marco Jost 
and Jonathan Weissman, sequence available at kampmannlab.ucsf.edu/resources). This 
plasmid is an optimized version of JKNp44 (42), in which a universal chromatin opening 
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element was included upstream of the SFFV promoter, the linker between dCas9 and the VPR 
domain was replaced by an XTEN linker, and BFP was replaced by mCherry. Transduced 
cells were flow sorted based on mCherry fluorescence to generate a polyclonal cell line. 
CRISPRa activity was determined as described for CRISPRi using sgRNA targeted towards 
cell surface marker, CXCR4 (Supplementary Table S6). 
 
CRISPRi and CRISPRa flow cytometry screen 
The genome-wide CRISPRi and CRISPRa v2.0 libraries subdivided into seven sublibraries 
containing five sgRNAs per gene were described previously(15). For pooled screening, sgRNA 
libraries were packaged into lentivirus for transduction into multiple myeloma cell lines as 
follows. Seven 15-cm dishes were seeded with 9*106 HEK293T cells in 25 ml DMEM complete 
growth media. The next day each plate was transfected with 5 µg of sgRNA sublibrary (15) and 
5 µg of third generation packaging mix (43) using Mirus TransIT-Lenti reagent (#MIR6600, 
Mirus Bio). Two days later, the viral supernatant was harvested and filtered through a 0.45 µm 
filter. Cold lentivirus precipitating solution (#VC100, Alstem, Inc.) was added at a final 1X 
concentration, mixed well and stored at 4°C overnight. Following incubation, the virus solution 
was centrifuged at 1500 g for 30 minutes at 4°C and the viral pellet was resuspended in cold 
RPMI media to transduce myeloma cells. 

For transduction of each sublibrary, 30*106 AMO1 cells expressing the CRISPRi or 
CRISPRa machinery were resuspended in 18 ml of virus containing medium with 8 µg/ml of 
polybrene. The cells were distributed into 6-well dishes and spin-infected at 700 g for 2 hrs at 
32°C and allowed to recover for 3 hrs in the incubator. The cells were then harvested, washed 
twice with PBS and seeded at a concentration of 0.5*106 cells/ml. 48 hrs later the cells were 
analyzed for percentage of infection by flow cytometry and treated with 1 µg/ml of puromycin to 
obtain a pure population of sgRNA expressing cells. On day 12 and day 5 post infection with the 
CRISPRi and CRISPRa sublibraries, cells were stained for cell surface BCMA and flow sorted 
to enrich for populations of cells expressing low or high cell surface levels of BCMA. Briefly, 
for each sublibrary, 80-100*106 cells were harvested and washed once with PBS and 
resuspended in FACS buffer (PBS containing 0.5% FBS) at a concentration of 10*106 cells/ml. 
The cells were blocked using Human BD Fc Block (#564220; BD Biosciences) for 15 mins to 
minimize background staining; stained with PE/CY7 conjugated BCMA (19F2) (#357508, 
Biolegend) antibody for an hour and resuspended in FACS buffer for flow sorting. Top and 
bottom 30% of cells expressing BCMA as determined from PE/Cy7 BCMA histogram were flow 
sorted using BD FACS Aria II. The different cell populations were then processed for next-
generation sequencing as described previously (14,43) and sequenced on an Illumina HiSeq-
4000. To identify significant hit genes, sequencing reads were analyzed using the MAGeCK-iNC 
pipeline as described previously(44). 
 
CRISPRi validation screen 
sgRNAs targeting the selected 41 top hits identified from the primary CRISPRi screen were 
cloned into a custom library of 90 sgRNAs, including two sgRNAs per gene and 8 non-targeting 
control sgRNAs. The sgRNAs were packaged into lentivirus as described for the primary screen 
and transduced into a panel of multiple myeloma cell lines (KMS11, AMO1, RPMI8226, OPM2 
and KMS12-PE) expressing the CRISPRi machinery. The validation screen was carried out 
similar to the primary screen. Briefly, sgRNA expressing cells were individually stained using 
PE/Cy7 conjugated BCMA or FITC conjugated CD38 (#303504, Biolegend) and flow sorted to 
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enrich for antigen-high and antigen-low populations using BD FACS Aria II flow sorter. The 
frequencies of cells expressing a given sgRNA was determined by next-generation sequencing as 
described previously (14,43,44). Knockdown phenotypes for both BCMA and CD38 were 
hierarchically clustered based on Pearson correlation using Cluster 3.0 (45)  and Java TreeView 
3.0 (http://jtreeview.sourceforge.net/)(46). 
 
Drug treatment of cells and staining for flow cytometry 
For drug treatment, multiple myeloma cells were seeded at a concentration of 0.2*106 cells/ml 
and treated with indicated concentration of TMP269 (#S7324; Selleckchem), Panobinostat 
(#S1030; Selleckchem), Ricolinostat (#S8001; Selleckchem), RO4929097 (#S1575; 
Selleckchem) for 48 hrs and with the Sec61 inhibitors, CT8 (22) and PS3061(24) for 24 hrs. 
Following drug treatment, cells were harvested and analyzed by flow cytometry for cell surface 
expression of BCMA and CD38. Briefly, 0.1*106 cells were resuspended in 100 µl of FACS 
buffer and blocked using Fc block to minimize background staining. The cells were then stained 
with PE/Cy7 conjugated BCMA (19F2), FITC conjugated CD38 (HIT2) and propidium iodide 
(#P3566, Invitrogen) or corresponding isotype control antibodies (#400253; #400107, 
Biolegend) and analyzed by flow cytometry using BD FACS CelestaTM (BD Biosciences). Flow 
cytometry data was analyzed using FlowJo v10.4 (FlowJo), raw median fluorescence intensity 
(MFI) values of BCMA and CD38 stained cells were normalized to isotype control stained 
samples and data plotted as fold change in MFI relative to untreated cells using Prism V7 
(GraphPad Software).  
 
Western blotting 
Total cell lysates were collected by resuspending cells in RIPA buffer (#89900, Thermo Fisher 
Scientific) supplemented with 1X protease inhibitor cocktail (#11836170001, Roche). Protein 
concentration was determined using BCA assay (#23225, Thermo Fisher Scientific) and protein 
extracts were prepared in SDS sample buffer at a concentration of 5 mg/ml. Equal concentrations 
of the cell lysates were loaded onto a NuPage 4-12% Bis-tris gels (#NP0336BOX, Thermo 
Fisher Scientific) and transferred onto a 0.45 µm pore nitrocellulose membrane using the Trans-
Blot Turbo Transfer System (#1704270, Bio-Rad Laboratories, Inc.). The primary antibodies 
used in this study include: rabbit anti-BCMA (E6D7B) (#88183, Cell Signaling Technology), 
1:2000; mouse anti-GAPDH (0411) (#sc-47724, Santa Cruz Biotechnology), 1:5000. Blots were 
incubated with Li-Cor secondary antibodies and imaged using Odyssey Fc imaging system 
(#2800, Li-Cor). Digital images were processed and analyzed using Li-Cor Image Studio 
software.  
 
Quantitative-PCR (qPCR) 
Drug treated cells or CRISPRi cells expressing sgRNA were harvested by centrifugation, and 
RNA extracted using the Quick-RNA miniprep kit (#R1054, Zymo Research). 1 µg of total RNA 
was reverse transcribed using Superscript III First-Strand Synthesis system (#18080051, 
Invitrogen). qPCR was performed using SensiFast SYBR Lo-ROX 2X qPCR master mix (#BIO-
94005, Bioline) following manufacturers guidelines. Each qPCR reaction was set up in triplicates 
and run on Quantstudio 6 Flex (Applied Biosystems) following manufacturers protocol. 
Expression fold changes were calculated using the delta-delta Ct method and normalized to an 
internal control (beta-actin). The qPCR primers used are listed in Supplementary Table S6. 
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Multiple myeloma patient culture and drug treatments 
De-identified primary MM bone marrow aspirates were obtained from the UCSF hematological 
malignancy tissue bank in compliance with the UCSF IRB protocols. Bone marrow mononuclear 
cells (BM-MNCs) were isolated by density gradient centrifugation using Histopaque-1077 
(#10771, Sigma-Aldrich). Briefly, 3 ml of bone marrow aspirate was diluted with D-PBS without 
Calcium and Magnesium to a final volume of 8 ml and carefully laid over 3 ml of Histopaque-
1077 and centrifuged at 400 g for 30 mins at room temperature. The layer containing plasma 
cells was carefully isolated, washed with PBS and resuspended in RPMI complete growth media 
to a concentration of 0.5-1*106 cells/ml. For drug treatment, 0.1-0.2*106 cells were seeded per 
well in a 96 well low binding plate (#650-185, Greiner). Cells were treated in triplicates for 24 
hrs with indicated concentrations of drugs or DMSO. Following drug treatments, cells were 
stained using PE/Cy7 BCMA (19F2), FITC CD38 (HIT2), APC-R700 CD138 (MI15) (#566050, 
BD Biosciences) antibodies and propidium iodide or their corresponding isotype control 
antibodies and analyzed by flow cytometry using Bio-Rad ZE5 cell analyzer.  
 
Antibody drug conjugate dose response assays 
Myeloma cells were seeded at a concentration of 0.2*106 cells/ml in a 96 well plate. For drug 
combination studies, cells were treated with either DMSO or indicated concentration of drugs 
prior to seeding. Increasing concentrations of the BCMA-targeted ADC HDP-101 were then 
added to cells to obtain a dose response curve. HDP-101 was produced as described previously 
(27,28). 96 hrs post treatment, cell viability was measured using CellTiter-Glo 2.0 reagent 
(#G9241, Promega) following manufacturer’s protocol. Raw luminescence signals were 
collected using a SpectraMax M5 plate reader (Molecular Devices). All measurements were 
taken in triplicates and raw counts were normalized as the percent of signal relative to untreated 
cells or percent maximum signal when comparing more than one drug. Sigmoidal dose-response 
curve fitting for IC50 calculation was performed using Prism V7 package (GraphPad software 
Inc.).  
 
ELISA assay 
To determine soluble BCMA (sBCMA) levels in the cell culture supernatant, solid phase 
sandwich ELISA using polyclonal goat antibodies was used (#DY193, Human 
BCMA/TNFRSF17 Duoset ELISA, R&D Systems). Cell culture supernatant was harvested from 
cells treated with indicated concentration of drugs by centrifugation and serially diluted in the 
recommended reagent diluent and concentration of sBCMA was determined following the 
manufacturer’s instructions.  
 
Generation of CAR construct  
To generate the BCMA-targeted CAR, the nucleotide sequence for the BCMA-50 scFv 
(Patent: https://patents.google.com/patent/US20170183418) and a N-terminal CD8a signal 
peptide plus myc-tag was synthesized. Using Gibson cloning, the CAR was assembled by fusing 
the BCMA-50 scFv to the CD8a hinge and transmembrane domain, 4-1BB costimulatory 
domain, the CD3-zeta chain, and a C-terminal EGFP. The CAR was then inserted into the second 
generation lentiviral vector pHR-SIN. The CD19 CAR has been previously described (47). 
 
Isolation of CD8+ T cells  
De-identified donor blood after apheresis was obtained from Blood Centers of the Pacific (San 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 7, 2019. ; https://doi.org/10.1101/833707doi: bioRxiv preprint 

https://doi.org/10.1101/833707


Francisco, CA) as approved by UCSF IRB policies. CD8+ T cells were isolated from donor 
blood using EasySep TM Human CD8+ T cell isolation kit (#19053, Stemcell Technologies) 
following the manufacturers protocol. Purified CD8+ T cells were cryopreserved in RPMI1640 
media supplemented with 20% human AB serum (#HP1022, Valley Medical) and 10% DMSO 
(#D2650, Sigma) solution. For experiments, T cells were cultured in Ex-Vivo 15 media (#04-
418Q, Lonza) supplemented with 5% human AB serum, 10mM neutralized N-acetyl L-Cysteine 
(#A9165, Sigma Aldrich), 1X beta-mercaptoethanol (#21985-023, Thermo Fisher Scientific) and 
50 units/ml of recombinant human IL-2 (#200-02, Peprotech). 
 
Generation of CAR-T cells and cytotoxicity assay 
For CAR-T cell generation, lentivirus was produced in HEK293T cells by transfecting 
pHR’SIN:CAR-Transgene vector and lentiviral packaging plasmids, pMD2.G and pCMVdR8.9 
using Mirus TransIT-Lenti transfection reagent. Viral supernatant was harvested 48 hr after 
transfection and precipitated using Alstem lentivirus precipitating solution. Primary CD8+ T 
cells were thawed and 24 hrs later the cells were stimulated with Dynabeads Human T-Expander 
CD3/CD28 beads (#11141D, ThermoFisher Scientific) at a cell:bead ratio of 1:2. The following 
day, primary T cells are exposed to the precipitated virus for 24 hrs. On day 5 post stimulation, 
Dynabeads were removed and GFP CAR-T cells were enriched by FACS sorting using BD 
FACS Aria II. The sorted CAR-T cells were maintained in culture until day 10-12 when they are 
used for downstream assays.  
 For T cell cytotoxicity assays, GFP-CAR-T cells were co-cultured in the presence of 
BFP-CRISPRi multiple myeloma cells at an Effector:Target (E:T) ratio of 1:1 for 24 hrs. 
Baseline target cell death was measured by incubating CRISPRi myeloma cells without any 
effector cells over the same time period. After incubation, cells were washed and stained with 
BV786-CD69 (FN50) (#310932, Biolegend) to determine T cell activation status and propidium 
iodide to assess overall cell death. Flow cytometry analysis was performed on GFP-positive 
CAR-T cells to determine changes in CD69 cell surface levels and myeloma cell cytotoxicity 
was determined by calculating the percentage change in BFP-positive multiple myeloma cells in 
the presence or absence of effector cells.  
 
CRISPRi-CAR survival screen 
AMO1 CRISPRi cells expressing an sgRNA library targeting 12,838 genes  (including kinases, 
phosphatases, cancer drug targets, apoptosis genes, proteastasis genes and mitochondrial genes) 
were co-cultured in the presence or absence of GFP-BCMA CAR-T cells at an E:T ratio of 1:1 
for 24 hrs. Surviving cells were then harvested and the different cell populations were processed 
for next generation sequencing as described previously (14,43). Sequencing reads were analyzed 
using MAGeCK-iNC pipeline developed in our lab to identify significant hit genes as described 
(44). 
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Figures and Figure legends 
 

 
 
Fig 1: 
Genome-wide CRISPRi/a screens to identify genes regulating cell-surface expression of BCMA 
A, Schematic representation of our genome-wide CRISPRi and CRISPRa screens to identify 
modulators of BCMA expression. AMO1 cells constitutively expressing the CRISPRi or 
CRISPRa machinery were transduced with genome-wide lentiviral sgRNA library. Following 
transduction, cells were stained for cell surface levels of BCMA and sorted by fluorescence-
activated cell sorting (FACS) to enrich for populations with low or high levels of cell surface 
BCMA. Frequencies of cells expressing a given sgRNA were determined in each population by 
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next generation sequencing. B, BCMA expression levels in a panel of MM cell lines. BCMA 
transcript FPKM levels obtained from the Keats lab database: https://www.keatslab.org were 
plotted against cell surface expression levels of BCMA quantified by flow cytometry. The flow 
cytometry data are means of three biological replicates, error bars denote SD. Note that some 
error bars are not visible because values are small. C and D, Volcano plots indicating the BCMA 
expression phenotype and statistical significance for knockdown (CRISPRi, C) or 
overexpression (CRISPRa, D) of human genes (orange dots) and quasi-genes generated from 
negative control sgRNA (grey dots). Hits genes corresponding to functional categories are color-
coded as labeled in the panel. E, Comparison of phenotypes from the CRISPRi and CRISPRa 
screens. Selected hit genes are color-coded. 
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Fig 2: 
Validation of hit genes from the primary screen. A, Heat map representation of knockdown 
phenotype scores from CRISPRi validation screens in a panel of MM cell lines, for cell-surface 
levels of BCMA and CD38. Both genes and screens were hierarchically clustered based on 
Pearson correlation. B and C, AMO1 and RPMI8226 cells treated with indicated concentrations 
of the gamma-secretase inhibitor RO4929097 or DMSO for 48 hrs were analyzed by flow 
cytometry (B) and immunoblotting (C) for changes in BCMA levels. (B) Fold changes in BCMA 
cell surface levels were determined by normalizing to DMSO-treated cells. Data points are 
means of three biological replicates; error bars denote SD. (C) Western blot of endogenous 
BCMA. GAPDH was used as a loading control.  
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Fig 3: 
Class IIa-HDAC inhibition increases transcription of BCMA A, RPMI8226 cells were treated 
with increasing concentrations of the pan HDAC inhibitor panobinostat (10 nM, 25 nM); the 
HDAC6-specific inhibitor ricolinostat (0.5 µM, 1 µM); the class II-HDAC inhibitor TMP269 (5 
µM, 10 µM), or DMSO for 48 hrs and analyzed by flow cytometry for cell surface expression of 
BCMA and CD38. Fold changes in protein levels were determined by normalizing to the 
DMSO-treated cells. Data points are means of three biological replicates; error bars denote SD. 
B and C, Total protein extracts from RPMI8226 cells treated with 2.5 µM, 5 µM and 10 µM of 
TMP269 for 48 hrs were analyzed by immunoblotting for expression levels of BCMA. GAPDH 
was used to normalize differences in loading amounts. Data is represented as fold change relative 
to the total protein expression level after normalization with GAPDH. Data points are means of 
two technical replicates, error bars denote SD. D, RPMI8226 cells treated with 10 nM 
panobinostat, 0.5 µM ricolinostat and 5 µM and 10 µM of TMP269 for 48 hrs were processed for 
quantitative PCR (qPCR) to determine transcript levels of BCMA and CD38. Fold changes in 
transcript levels with different drug treatments were determined after normalizing to beta-actin 
gene. Data are means of two biological replicates, error bars denote SD.  
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Fig 4: 
Sec61 inhibitors increase cell-surface expression of BCMA in KMS11 (A-C) and AMO1 (D-F) 
cells A and D, KMS11 and AMO1 cells were treated with increasing concentrations of Sec61 
inhibitors, CT8 and PS3061 (100, 200, 400, 800 nM) or DMSO as a control for 24 hrs. Cells 
were stained for cell surface expression of BCMA and CD38 and analyzed by flow cytometry. 
Data are means of three biological replicates; error bars denote SD. B and E, Total protein 
lysates from cells treated with increasing concentration of CT8 and PS3061 (200, 400, 800 nM) 
for 24 hrs were processed for western blotting. GAPDH was used to normalize for differences in 
loading amounts. Data is represented as fold change relative to the normal protein expression 
level after normalization with GAPDH. Data points are means of two technical replicates, error 
bars denote SD. C and F, cells treated with increasing concentrations of PS3061 and CT8 (200, 
400, 800 nM) for 24 hrs were processed for qPCR to determine transcript levels of BCMA and 
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CD38. Fold change in transcript levels were determined after normalizing to beta-actin. Data are 
means of two biological replicates, error bars denote SD. G and H, KMS11 cells were treated 
with 800 nM PS3061, 5 µM RO4929097 and DMSO for 24 hrs. G, Drug-treated cells were 
analyzed by flow cytometry for cell surface expression of BCMA. Histograms indicate 
distribution of PE/CY7 BCMA in the drug-treated cells. Data is a representation of two 
biological replicates. H, Soluble BCMA (sBCMA) concentration in the cell culture supernatant 
post drug treatment was measured using ELISA. Data are means of two biological replicates, 
error bars denote SD. *P < 0.005, n.s. - not significant, two-tailed unpaired t test.  
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Fig 5: 
Pharmacological inhibition of the validated hits in myeloma patient samples upregulate cell-
surface BCMA levels. Bone marrow-mononuclear cells (BM-MNCs) isolated from bone marrow 
aspirates from different MM patients were treated with indicated concentration of Class II-
HDAC inhibitor, TMP269; gamma-secretase inhibitor, RO4929097; and Sec61 inhibitor, 
PS3061 for 24 hrs. Cells were stained for cell-surface CD138, BCMA and CD38 and analyzed 
by flow cytomtery. Fold change in BCMA and CD38 levels were determined in CD138+ live 
cell populations. Data are means of three technical replicates, error bars denote SD.  
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Fig 6: 
Increased efficacy of BCMA-ADC when combined with Sec61 inhibitor A, BCMA-ADC 
cytotoxicity dose-response assay of CRISPRi KMS11 cells expressing two independent sgRNA 
targeted towards BCMA and a non-targeting control sgRNA. B, KMS11 cells treated with 
indicated concentrations of PS3061 and RO4929097 were stained for BCMA and analyzed by 
flow cytometry. Histograms indicate the distribution of BCMA. Data is a representation of two 
biological replicates. C, BCMA-ADC cytotoxicity dose-response assay was performed in 
combination with indicated concentrations of drugs. Data points are means of two biological 
replicates; error bars denote SD.  
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Fig 7: 
CRISPRi-CAR-T screen identifies genes modulating response to BCMA CAR-T cells A and B, 
CRISPRi AMO1 cells expressing BFP-sgRNA targeted towards BCMA or non-targeting control 
sgRNA were co-cultured at a 1:1 ratio with BCMA- or CD19- GFP CAR-T cells. Fold changes 
in T cell activation was determined by analyzing for cell surface expression of CD69 on T cells 
normalized to CD69 expression on resting T cells. Myeloma cell viability was determined by 
propidium iodide staining of BFP-positive myeloma cells. C, Schematic representation of the 
CRISPRi-CAR-T cell co-culture screen. D, Comparison of BCMA expression phenotype to 
sensitivity towards BCMA-CAR indicating different sgRNAs targeted towards BCMA. E, 
Volcano plot indicating CAR-T sensitivity phenotypes and statistical significance of knockdown 
of human genes (orange dots) and quasi-genes from negative control sgRNAs (grey dots) in 
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multiple myeloma cells. Hits genes corresponding to functional categories are color-coded as 
labeled in the panel. F, Comparison of BCMA expression phenotype from the CRISPRi primary 
screen (Fig. 1) to sensitivity towards BCMA-CAR. Hits genes corresponding to functional 
categories are color-coded as labeled in the panel. 
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